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Prostate cancer, renal cancer, bladder, and other urothelial malignancies make up the common 
tumors of the male genitourinary tract For prostate cancer, common clinical scenarios include 
managing the patient presenting with 1) low-risk primary cancer; 2) high-risk primary cancer; 3) 
prostate-specific antigen (PSA) recurrence after apparently successful primary therapy; 4) 
progressive metastatic disease in the noncastrate state; and 5) progressive metastatic disease 
in the castrate state. These clinical states dictate the appropriate choice of diagnostic imaging 
modalities. The role of positron emission tomography (PET) is still evolving but is likely to be 
most important in determining early spread of disease in patients with aggressive tumors and 
for monitoring response to therapy in more advanced patients. Available PET tracers for 
assessment of prostate cancer include FDG, 11 C or l8 F choline and acetate, ,1 C methionine, ,8 F 
fluoride, and fluorodihydrotestosterone. Proper staging of prostate cancer is particularly im- 
portant in high-risk primary disease before embarking on radical prostatectomy or radiation 
therapy. PET with n C choline or acetate, but not with FDG, appears promising for the 
assessment of nodal metastases. PSA relapse frequently is the first sign of recurrent or 
metastatic disease after radical prostatectomy or radiation therapy. PET with FDG can identify 
local recurrence and distant metastases, and the probability for a positive test increases with 
PSA. However, essentially all studies have shown that the sensitivity for recurrent disease 
detection is higher with either acetate or choline as compared with FDG. Although more data 
need to be gathered, it is likely that these two agents will become the PET tracers of choice for 
staging prostate cancer once metastatic disease is strongly suspected or documented. 18 F 
fluoride may provide a more sensitive bone scan and will probably be most valuable when PSA 
is greater than 20 ng/mL in patients with high suspicion or documented osseous metastases. 
Several studies suggest that FDG uptake in metastatic prostate cancer lesions reflects the 
biologic activity of the disease. Accordingly, FDG can be used to monitor the response to 
chemotherapy and hormonal therapy. Androgen receptor imaging agents like fluorodihydrotes- 
tosterone are being explored to predict the biology of treatment response for progressive tumor 
in late stage disease in castrated patients. The assessment of renal masses and primary staging 
of renal cell carcinoma are the domain of helical CT. PET with FDG may be helpful in the 
evaluation of "equivocal findings" on conventional studies, including bone scan, and also in the 
differentiation between recurrence and posttreatment changes. The value of other PET tracers 
in renal cell carcinoma is under investigation. Few studies have addressed the role of PET in 
bladder cancer. Because of its renal excretion, FDG is not a useful tracer for the detection of 
primary bladder tumors. The few studies that investigated its role in the detection of lymph node 
metastases at the time of primary staging were largely disappointing. Bladder cancer imaging 
with "C choline, ,1 C methionine, or 11 C- acetate deserves further study. 
Semin Nucl Med 34:274-292 © 2004 Elsevier inc. All rights reserved. 




Prostate cancer is the most common malignancy among men in 
the United States, accounting for approximately one third of all 
cancer diagnoses. Approximately 230,000 new cases of prostate 
cancer will be diagnosed in 2004.' Nowadays prostate cancer is 
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most commonly diagnosed by prostate-specific antigen (PSA) 
screening. The tumor has a variable biology, ranging from low- 
grade indolent cancers to aggressive tumors that inexorably spread 
and kill the patient principally by metastatic involvement of bone 
marrow and bone. 

Prostate cancers vary widely in their rate of growth, aggressive- 
ness, and tendency to metastasize. The biology of this disease 
evolves from a small, slow-growing, androgen-dependent "indo- 
lent" carcinoma toward a more and more aggressive, androgen- 
independent tumor during the course of progression. 2 - 3 Eecendy, 



274 0001-299&W$-see Irontmatter © 2004 Elsevier Inc. All rights reserved, 
doi: 10. 1053/j .semnuclmed,2004.06,004 



PET for prostate, bladder, and renal 



275 



Scher and coworkers have described this concept of "clinical states" 
that helps stratify patients for management. 4 The states model notes 
individual patient status as primary tumor, PSA relapse, noncastrate 
metastases, and castrate metastases. It seems to us that this clinical- 
states model also could provide a framework for recommendations 
for appropriate diagnostic imaging in a given clinical scenario. For 
example, positron emission tomography (PET) imaging is unlikely 
to be useful in indolent primary tumors, but PET may be useful in 
more aggressive primary tumors with a high risk of local extension 
and metastatic involvement. 

In the United States, three important practice patterns dominate 
diagnosis and management of prostate cancer: 1) the widespread 
use' of serum assays for PSA during routine health surveillance, 
followed by ultrasound directed biopsies of the prostate, has led to 
early diagnosis of prostate cancer. Therefore, more than 70% of 
prostate cancers are now diagnosed when the tumor is organ con- 
fined, and radical prostatectomy, brachytherapy, or external beam 
radiation are used with curative intent. 2) In mdividual patients, 
nomograms are used as an aid to management decisions by predict- 
ing the likely pathological stage of the disease and the probability of 
recurrence and metastases after treatment with curative intent. 
These nomograms combine information from PSA, Gleason score at 
biopsy, and clinical stage at presentation. 3) Prostate cancer, either 
primary or metastatic, almost always is responsive to androgen 
withdrawal (medical or surgical castration). For this reason, patients 
with more aggressive tumors are likely to receive treatment with 
antiandrogens early in the course of their disease. Such therapy is 
likely to have an important impact on functional imaging tests such 
as PET. 

Primary Prostate Cancer 

As for other malignancies, the primary staging is important in pa- 
tients with prostate cancer, especially in the more aggressive local 
tumors. The extent of prostate cancer should be determined as 
accurately as possible to direct therapy rationally based on the clin- 
ical stage and to evaluate the prognosis. Both the clinical stage of the 
disease and the probability for nonlocalized disease (extracapsular 
extension, seminal vesicle invasion, nodal disease) will determine 
the choice of therapy. 

Greater than 75% of patients with newly diagnosed prostate can- 
cer now present with clinically localized disease. Hence, the diag- 
nostic yield of imaging studies in an unselected group of prostate 
cancer patients would be very low. Instead, functional imaging 
studies particularly are likely be most meaningful in the more ag- 
gressive primary lesions. Therefore, rather than uniformly applying 
a certain test in all patients, specific imaging studies should be based 
on the clinical state of the patient. This decision could be based on 
commonly used tables or nomograms for presurgical risk stratifica- 
tion. 5-7 Nomograms usually combine PSA, Gleason score, 8 and clin- 
ical stage to predict the pathologic stage of the disease 5 or incorpo- 
rate data from surgical pathology to predict the probability for PSA 
relapse and survival. 9 The nomograms are considerably more accu- 
rate than any of the clinical parameters in isolation. For instance, 
using the clinical examination alone, the true stage of prostate can- 
cer will be underestimated in as many as 30% to 60% of patients. 10 
By definition, however, nomograms only indicate a certain likeli- 
hood for organ-confined disease, but they do not provide exact 
staging information in the individual patient. 5 - 9 - 11 Therefore, it 
would be desirable to have an accurate, noninvasive staging tool, 
which then should be applied in selected groups of patients (eg, 
high risk for nonorgan-confmed disease based on nomogram). 



Role of Conventional 

Imaging Studies for Primary Staging 

Transrectal ultrasound (TRUS) is the most commonly used imaging 
modality for viewing the prostate. However, only 60% of tumors are 
visualized by TRUS, and the method often is used simply to localize 
the prostate, as a guide to biopsy. Nonetheless, it is said that in the 
hands of experts, TRUS detects extracapsular extension with accu- 
racy between 58% and 86%. However, a recent multicenter trial 
TRUS casts doubt on this statement because TRUS was no more 
accurate at predicting organ-confined disease than was the digital 
rectal examination. 12 ' 1 5 

Computed tomography (CT) lacks soft-tissue contrast resolution 
for the detection of cancer within the prostate. Its role in the local 
staging of prostate cancer also is limited because of its low accuracy 
(24% for extracapsular extension and 69% for seminal vesicle inva- 
sion). 14 

In experienced hands, the most accurate imaging test for primary 
staging is magnetic resonance imaging (MRI) using an endorectal 
coil in conjunction with a pelvic phased-array coil. 15 Although not 
perfect, this test can identify and localize the primary tumor and 
assess for potential extracapsular extension (sensitivity 50%; speci- 
ficity 95% 16 ; and seminal vesicle invasion. In addition, MRI can 
detect or exclude perineural invasion of tumor with high accuracy, 16 
which is an important criterion when nerve-sparing surgery is con- 
sidered. Overall sensitivity and specificity for the local staging of 
prostate cancer range between 51% and 89% and 67% and 87% 
respectively, with accuracy between 54% and 88%, 17 > 13 

Prostate cancer is associated with characteristic alterations in the 
concentration of certain metabolites, such as an increase in prostate 
choline and a decrease in prostate citrate levels, as compared with 
normal prostate tissue. These metabolic alterations can be detected 
by magnetic resonance spectroscopy (MRS) . 19 The addition of spec- 
troscopy to MRI alone may aid in the detection of prostatic cancer 
tissue and may increase the specificity of MRI. The addition of MRS 
to MRI improved Staging accuracy significandy when used by an 
inexperienced reader compared with that by an experienced reader, 
and the latter was able to further improve the accuracy. 20 However, 
MRS is sensitive to technical artifacts and currently still considered 
investigational; it is not yet in widespread use. It also needs to be 
emphasized that these data from MRI and MRS were generated by a 
few experienced institutions; it remains to be seen whether the 
reported high sensitivity and specificity can be reproduced once the 
technique enjoys widespread use. 

Role of PET for Primary Staging 

Available PET Tracers for the Imaging of Prostate 
Cancer and the Biochemical Rationale for Their Use 

FDG. PET imaging with [18F] 2-fluoro-D-deoxy-glucose (FDG) 
takes advantage of the increase in glycolytic flux in cancer cells 
(Table 1). In rapidly growing, de-differentiated tumors, aerobic gly- 
colysis is increased and respiration decreased. 21 Even under aerobic 
conditions, as much as 50% of the ATP produced in tumor cells is 
derived from glycolysis (in contrast to approximately 10% in nor- 
mal cells, which mostly rely on oxidative phosphorylation as a 
source for energy). Increased glycolysis is associated with quantita- 
tive and qualitative changes in enzyme expression and activities, 
glucose transporter molecules, as well as cytoskeletal arrangements. 
Some of these processes have been studied in prostate cancer. In 
vitro (cell cultures), rapidly dividing DU145 prostate cancer cells 
depend on high levels of glucose consumption, whereas relatively 
slow-growing LNCaP cells were found to be less dependent on 
glucose. 22 Glucose can be used for the synthesis of ATP and as a 
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Table 1 Characteristics and Suggested Applications of PET Tracers for Imaging of Prostate Cancer 
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precursor for DNA synthesis. Glucose also serves as a substrate for 
the synthesis of diacylglycerol , which is a ligand for protein kinase C 
(the latter plays an important role in cellular signal transduction. 23 
Although no clear relationship between these biochemical alteration 
and FDG uptake in prostate cancer has been demonstrated, they do 
provide the rationale for the hypothesis that FDG may selectively 
detect more aggressive tumors, which depend on higher glucose 
metabolism. Indeed, in vitro studies in prostate cancer xenografts 
showed higher FDG uptake in tumors with higher Gleason score, 24 
and in clinical studies FDG uptake correlates with PSA level and PSA 
velocity as measures of tumor size and progression . 15 ~ 27 

The initial results of prostate cancer imaging with FDG were 
disappointing. 23 ' 29 These negative results were likely related to four 
factors: 1) limited sensitivity of FDG for prostate cancer lesions; 2) 
urinary excretion of FDG with tracer activity in ureters and bladder, 
making it difficult to distinguish lymph nodes or local recurrence; 3) 
use of older image reconstruction techniques, leading to streak ar- 
tifacts in the pelvis 30 ; and 4) the lack of appropriate patient selec- 
tion. 

However, despite its poor reputation from earlier reports, FDG is 
in fact not an unsuitable tracer for the investigation of prostate 
carcinoma but needs to be used in carefully selected groups of 
patients. 27 - 3 1-34 It is our belief that the use of adequate imaging 
techniques (iterative reconstruction, segmented attenuation correc- 
tion) 35 and especially the application of combined PET-CT imaging 
can reduce the number of false-negative and false-positive Endings. 

However, urinary excretion of FDG remains undesirable for ex- 
amining pelvic malignancies. Other PET tracers, in particular cho- 
line and acetate, have therefore been studied in patients with pros- 
tate cancer. According to unanimous initial reports these agents 
hold great promise. 

Acetate. Shreve and coworkers introduced n C-acetate as a poten- 
tial PET tracer for various malignancies, including prostate can- 
cer 36j7 [ n a small group of 18 patients, acetate showed a higher 
sensitivity than FDG for the detection of local recurrence or meta- 



static disease. These investigators suggested that the lack of urinary 
excretion and good tumor:background ratio make acetate a more 
suitable tracer for imaging of prostate cancer. 

During the past few years this tracer also has been used for the 
imaging of prostate cancer 26 - 38 - M Acetate be can also be labeled with 
ie F fluorine, although methods for safe and efficient synthesis are 
still under investigation, Iteliminary data from animal experiments 
and one case report suggest that this agent might be useful for 
imaging of prostate cancer. 40 - 41 

Acetate uptake in tumor cells is related to lipid synthesis. 42 - 43 
Yoshimoto and coworkers 42 incubated tumor cell lines and fibro- 
blasts with 14 C acetate and analyzed the production of 14 COj and 
other 14 C-labeled metabolites. In addition, glucose metabolic rate 
was assessed with 3 H deoxyglucose (DOG) and the cell growth rate 
by 3 H thymidine incorporation into DNA, Tumor cell to nontumor 
cell ratios were higher for acetate than DOG. 14 C acetate was metab- 
olized and incorporated into the cellular lipid pool, mostly phos- 
phatidylcholine (which is a building block for cellular membranes) 
and neutral lipids. Of note, the amount of 14 C in lipids correlated 
with cellular growth activity as measured by 3 H thymidine incorpo- 
ration. The remaining fraction of 14 C acetate was converted into C0 2 
and amino acids. Although there were differences between tumor 
cell lines, in each case at least 70% of the activity was always found 
in intracellular lipids or amino acids. This is in contrast to the 
myocardium, where acetate is mainly used for oxidative metabo- 
lism. 44 " 46 

Additional studies in prostate cancer provided the pathophysio- 
logic rationale for the incorporation of acetate into lipids: Normal 
prostate tissue shows high citrate production and accumulation. 47 - 48 
In prostate cancer, however , citrate content is significantly reduced. 
In addition, some citrate also is transported from the mitochondrion 
to cytosol, where it is converted to oxaloacetate and acetyl-CoA. 47 
The latter is the building block for fatty acids, which are used for 
membrane synthesis and metabolism. Other studies demonstrated 
an increase in fatty acid synthesis and accumulation, as well as 
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overexpression of the key enzyme fatty acid synthase (FAS) in pros- 
tate cancer. 49 This overexpression of FAS occurs early in cancer 
development and in hormone-responsive tumors (such as prostate 
cancer) is more pronounced as the tumor progresses toward the 
more advanced stage. 50 Recent studies have also shown that ( 1+ C) 
acetate is predominantly incorporated into intracellular phosphati- 
dylcholine, that acetate uptake is an indirect measure of the FAS 
pathway, 43 and that FAS-mediated lipid synthesis mainly affects 
lipids in membrane rafts 43 (membrane rafts are associated with sig- 
nal transduction processes) 51 - 52 that are relevant for tumor growth 
and metastasis. 

Acetate is not a cancer-specific tracer but also accumulates in 
normal and hyperplastic prostate tissue. In fact, the standardized 
uptake value (SUV) for n C-acetate uptake was found to be higher in 
individuals with normal prostate tissue younger than 50 years of age 
than in normal prostate of older subjects (>50 years) or those with 
benign prostatic hypertrophy (BPH). 53 In addition, there was no 
difference in prostate SUV between older subjects with normal pros- 
tate (2.3 ± 0.7) and patients with proven prostate cancer (1.9 ± 
0.6). The relationship between intensity of acetate uptake in pros- 
tate cancer and PSA and is unclear. 2639 Although many prostate 
cancer patients have been studied with n C-acetate, full papers pub- 
lished to date include only about 150 patients. 

Choline. In the human body, choline is needed for the synthesis of 
phospholipids in cell membranes, methyl metabolism, transmem- 
brane signaling, and lipid- cholesterol transport and metabolism. 54 
Intracellular choline is rapidly metabolized to phosphorylcholine 
(PC); it may also undergo acetyls tion to form acetylcholine or oxi- 
dation to form betaine (mainly in liver and kidney). The phosphor- 
ylation is catalyzed by the enzyme choline kinase. Once phosphor- 
ylated, the polar PC molecule is trapped within the cell. Various 
studies have revealed an increased choline uptake as well as an 
upregulated activity of choline kinase and elevated levels of PC in 
cancer cells. 55 ' 57 These observations gave rise to the development 
and clinical evaluation of MRS imaging, which revealed a high con- 
tent of PC in prostate cancer, 19 whereas in normal tissue this choline 
metabolite was found in low concentrations or was undetectable. 

Based on these observations, Hara and coworkers introduced 
n C-choline for the imaging of malignancies 58 " 61 including prostate 
carcinoma. The efficacy of radiolabeled choline (labeled to n C or 
18 F) for localizing primary or metastatic prostate cancer has now 
been studied in more than 250 patients. 62 " 67 

1 ^-choline blood clearance is very rapid (approximately 7 mm), and 
the maj or amount of tracer remains trapped within cells. This allows for 
imaging as early as 3 to 5 min after tracer inj ection and provides images 
of good diagnostic quality. 56,59 Physiologically increased tracer uptake 
is noted in salivary glands, lung, liver, kidneys, and adrenal glands. 68 
The short half life time for H C (20 min) poses a logistic challenge in 
many institutions. This has been addressed with the receru successful 
synthesis of 18 F-labeled choline compounds. Hara and coworkers 69 
synthesized F-18 fluoro-ethyl-choline (FEQ and DeGrado and co- 
workers synthesized fluorcmethyl-dimethyl-2-hydroxyethylarnmo- 
nium (FCH). 70 - 72 In vitro (cultured PC-3 human prostate cells) studies 
revealed that cellular uptake and phosphorylation by choline kinase 
were very similar for FCH and natural choline but were lower for 
FEC. 71 Both compounds show rapid clearance from the blood pool, 
appearing in the urinary bladder 3 to 5 min after injection. This is in 
contrast to n C choline, which shows very litde urinary excretion, the 
activity concentration in the bladder was always lower than in prostate 
cancer or metastases. 73 It has been suggested that eariy urinary appear- 
ance of F-18 choline compounds is caused by incomplete tubular re- 



absorption of intact tracer or by enhanced excretion of oxidized metab- 
olites. 70 

All three labeled choline compounds show rapid clearance from 
blood pool and rapid uptake in prostate tissue . 69 ' 70 - r3 FEC concen- 
tration in the prostate reaches its highest activity at 55 min p.i. (SUV 
4.4 versus 2.8 at 5 min), 69 whereas FCH uptake shows a peak at 
approximately 3 min p.i. followed by a plateau. 70 It is unclear 
whether this difference would be clinically relevant because beyond 
5 to 8 min p .i. , the increasing accumulation of excreted tracer in the 
urinary bladder exceeds activity in the prostate and may interfere 
with visualization of abnormalities in the prostate (similar to FDG). 
Although urinary activity can be eliminated by bladder irrigation, 
this is neither desirable nor always feasible. Therefore, imaging of 
the prostate with le F-labeled choline compounds should probably 
commence at about 1 min after IV injection (to allow for tracer 
clearance from the blood pool). Subsequendy, as urinary activity 
increases (which would interfere with visualizing prostate tumors) 
but blood pool activity is low, images of the remainder of the body 
can be acquired. 

just like FDG, methionine, or acetate, choline is not a cancer- 
specific agent. Individuals with BPH show tracer uptake that is 
higher than in normal prostate tissue and lower than in carcinoma. 
However, in individual patients the intensity of uptake in the pros- 
tate cannot reliably distinguish between benign changes and can- 
cer. 73 Nonspecific uptake of ( 18 F) choline in granulocytes and mac- 
rophages 74 and ( n C) choline in reactive lymph nodes 66 have also 
been described. 

Intense bowel activity can be observed with all choline com- 
pounds and can be a reason for false-positive findings. 64 ' 56 Imaging 
of the abdomen and pelvis may benefit from fasting, as pancreatic 
juice and bile both contain PCs (and hence excreted activity). False- 
negative findings have been described for metastases in lymph 
nodes of less than 1 cm in size. 64,66 

Currently, it is unclear whether choline uptake in prostate cancer 
lesions can serve as an indicator of biologic aggressiveness. In at least 
one study, 73 there was no correlation between SUV of ( U C) choline 
in prostate cancer and tumor grade or Gleason score. 

Methionine. 1L C-methionine has been used as a tumor imaging 
agent for several years. 75 76 Its uptake reflects increased amino acid 
transport and, in part, protein synthesis; it also is related to cellular 
proliferation activity. 79 80 In cancer, methionine uptake also is cor- 
related with the amount of viable tumor tissue. 81 Nilsson was the 
first to use this tracer in prostate cancer, reporting promising results 
in metastatic tumor. 82 Macapinlac and coworkers 83 compared the 
biodistribution of 11 C methionine and FDG in 29 patients with 
androgen-independent metastatic prostate cancer. Both agents 
showed good uptake in index lesions. Tumor uptake of methionine 
occurred faster (peak at around 10 min followed by plateau) than 
that for FDG (sometimes continued rise >45 min). ''C-methionine 
undergoes rapid clearance from the blood pool, which is faster than 
for FDG. Methionine is primarily metabolized in liver and pancreas, 
but shows no significant renal excretion. This biodistribution may 
explain why methionine appears to be more successful than FDG in 
imaging prostate cancer and nodal metastases. 34 

SS F Fluorodihydrotestosterone (FDHT). The androgen receptor 
plays an important role in the proliferation and growth of prostate 
cancer. Virtually all patients with prostate cancer initially respond to 
androgen withdrawal, but eventually, the cancer cell will begin to 
grow, despite continued low levels of androgen. There is growing 
evidence that the escape from suppression offered by androgen 
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ablation therapy is related to continued signaling through the an- 
drogen receptor. 2 - 84 

Imaging of the androgen receptor expression and its modulation 
or occupation by drugs might hence prove useful in treatment mon- 
itoring. For this purpose, the group at Washington University, St. 
Louis, developed the radiotracer 168- 18 F-fluoro-5a-dihydrotestos- 
terone (FDHT), which is radiolabeled analog of dihydrotestoster- 
one, the primary ligand of the androgen receptor. 85 Recently, Larson 
and coworkers 32 studied the biodistribution and binding character- 
istics of FDHT in seven patients with metastatic prostate cancer. 
Patients were imaged before and after therapy. Seventy-eight per- 
cent of 59 lesions had both FDHT and FDG uptake, and the remain- 
der had FDG but not FDHT uptake. Further work is underway to 
evaluate this metabolic heterogeneity. Many patients with prostate 
cancer eventually develop resistance to androgen ablation. It is 
thought that this development of androgen independence charac- 
terizes a more aggressive prostate cancer phenotype. Accordingly, 
one might speculate that prostate cancer lesions that show FDHT 
uptake indicate presence of differentiated tumor cells likely to re- 
spond to androgen withdrawal. In contrast, lesions with persistent 
FDG uptake but lack of FDHT uptake might represent a more ag- 
gressive, androgen-independent tumor cell clone. This pattern of 
differential tracer uptake is in analogy to thyroid and breast cancer 
(inverse relationship between FDG and Iodide uptake or FDG up- 
take and estrogen receptor bmding). Studies are ongoing to further 
elucidate the clinical usefulness of FDHT in certain subgroups of 
prostate cancer patients. 

Clinical Results for Diagnosis and Local Staging With PET. Earfy 
studies investigating the role of PET with FDG in primary prostate 
cancer produced disappointing results. 28 ' 29 In contrast to other ma- 
lignancies, most primary prostate carcinomas show relatively low 
FDG uptake. Small size, slow doubling time (2-4 years in most 
cases) and specifics of prostate metabolism (see above) might be 
contributing factors. Although recent work described the expres- 
sion mRNA and protein for the of glucose transporters GluT-1 and 
in particular GluT-12 in prostate cancer, 86 it is uncertain whether 
expression levels and activity are in any way related to tumor me- 
tabolism or aggressiveness. There also is conflicting data concerning 
the relationship between FDG uptake in prostate cancer and clinical 
markers of rumor aggressiveness. At least one study suggested an 
increased probability for a positive FDG-PET scan in patients with 
advanced clinical stage and higher PSA (but not Gleason score) 16 ; no 
such relationship was found in another study (whereas tracer up- 
take in the primary tumor did not correlate with Gleason grade or 
levels of PSA in other reports. 87 

Efforts have been made to reduce urinary bladder activity from 
renally excreted FDG, which might cause streak artifacts and inter- 
fere with the detection of abnormal FDG uptake in the adjacent 
prostate gland. 29,87 These efforts included forced diuresis and con- 
stant bladder irrigation via an indwelling Foley catheter. These pro- 
cedures, which are time-consuming and do not seem practical in a 
busy outpatient PET center, have generally not improved the re- 
sults. For instance, Effert and coworkers 29 used FDG-PET in 48 
patients with various stages of prostate cancer and 16 patients with 
BPH. Despite continuous bladder irrigation during image acquisi- 
tion, the authors did not find any difference in intensity or patterns 
of tracer uptake between cancer and benign prostate hypertrophy. 
Liu and coworkers 67 used oral hydration and intravenous Lasix for 
forced diuresis and reported similar results. They included 24 pa- 
tients with organ-confined newly diagnosed prostate cancer and a 
mean PSA level of 13 ng/mL (range, 3.7-28.1). All but one patient 
had a Gleason score of 6 or greater, Histopathology from biopsies or 



prostatectomy specimens served as standard of reference. Using an 
arbitrary tumor/back ground ratio >2.5, the authors could only 
identify one carcinoma, yielding a sensitivity of 4%. 

Oyama and coworkers 2 * compared the diagnostic yield of n C- 
acetate and FDG-PET in a mixed group of 22 patients with primary 
prostate carcinoma. Five patients subsequently underwent prosta- 
tectomy whereas 17 were treated with androgen withdrawal ther- 
apy. The sensitivity for localizing the primary tumor was 100% for 
acetate and 83% for FDG. (This high sensitivity for FDG may have 
been due to the inclusion of many patients with higher stages of the 
disease.) The intensity of n C-acetate uptake in the primary tumor 
was generally higher than that of FDG uptake, with SUVs ranging 
from 3.3 to 9.9 as compared with 1.9 to 6.3 for FDG. These results 
are encouraging, but the study had some methodological shortcom- 
ings. Patients with BPH were not included for comparison and his- 
tologic proof was only provided for the primary tumor but not sites 
of suspected metastases. Indeed, several studies have now shown 
that neither FDG nor acetate or choline reliably distinguish between 
prostate cancer and benign changes, such as BPH or prestati- 
on 28,29.53.65,87 Q e Jong and coworkers 63 compared uptake patterns 
of n C-choline in 25 patients with biopsy proven carcinoma and 5 
with BPH. Although all primary tumors were detected and noncan- 
cerous prostate tissue, on average, showed lower tumor uptake than 
did cancer, there was considerable overlap in SUV (SUv"^^: mean 
= 2.3, range 1.3-3.2; SUVcaW mean = 5.0, range: 2.4-9.5). Using 
1 ^-acetate, Kato and coworkers 53 found no difference in prostate 
SUV between older subjects with normal prostate (2.3 ± 0.7) and 
patients with proven prostate cancer (1.9 ± 0.6). 

Incidcntalamas. Occasionally, focal intense tracer uptake can be 
noted in the prostate gland. This can be noted for FDG and has also 
been described for 1 'C-choline. With the use of combined PET-CT, 
it is now possible to localize the foci accurately and distinguish them 
from focal excreted tracer in the prostatic urethra (Fig. 1). Just as for 
thyroid "incidentalomas," such findings always require further in- 
vestigation; we recommend at least a digital rectal examination and 
PSA measurement. 

Metastatic Disease 

Both nodal and osseous metastases are relatively rare in the current 
patient population with newly diagnosed prostate carcinoma. For 
instance, before the widespread use of serum PSA for prostate can- 
cer screening, the number of patients with pelvic lymph node me- 
tastases at the time of radical prostatectomy for clinically localized 
carcinoma was greater than 20%. 88 In more recent series, because 
most prostate cancers are detected early, this has decreased to 2 to 
1 0% . 89 ' 90 The prevalence of pelvic lymph node metastases correlates 
direcdy with T stage, serum PSA levels, and histologic grade. 5 Con- 
sequently, a high suspicion of lymph node metastases is based on 
the finding of 1) prebiopsy serum PSA level greater than 20 ng/mL, 
2) poorly differentiated tumor on needle biopsy of the prostate 
(Gleason score 8-10), or 3) palpable locally advanced tumor. 91 In 
these patients, the probability for nodal metastases is 30% or 
greater. 91,92 Detection and localization of metastases is an important 
clinical issue in this group of patients, which may affect patient 
management. Once enlarged lymph nodes are detected, CT-guided 
biopsy can be performed before embarking on prostatectomy or 
radiation therapy. Treatment with curative intent may not be justi- 
fied once the cancer has spread to lymph nodes and distant sites. 
Unfortunately, the statistical nature of nomograms does not provide 
accurate information in the individual patient. 

In addition, whether lymph node metastases are found depends 
on the extent of the lymphadenectomy. 93 > 9+ Further, it has been 
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osseous metastases was less than 1% in patients with PSA of <20 
ng/mL: among 306 men only 1 (PSA 18.2 ng/mL.) had a positive 
bone scan, yielding a negative predictive value 99. 7%. 109 Others 
have suggested that bone scans should not be ordered if the PSA is 
<10ng/mL. 110 

Role of PET 

It is generally accepted that FDG-PET has too low a sensitivity to be 
useful for the diagnosis of lymph node metastases during primary 
staging of prostate cancer. 30 ' 1 11 In an initial study of 34 patients with 
untreated prostate cancer and known or suspected metastases, 
Shreve and coworkers 30 compared FDG with CT bone scan and 
clinical follow-up. The evaluation of pelvic lymph nodes was se- 
verely limited by bladder activity and streak artifacts. And although 
the quality of FDG-PET images of the pelvis has improved signifi- 
cantly with the use of iterative reconstruction algorithms, it is un- 
likely that this test could reliably diagnose nodal metastases in the 
primary staging. As stated above, many primary prostate cancers 
show relatively low FDG uptake, and the same is likely also true for 
nodal metastases. 

Similarly, FDG also has a limited sensitivity for the detection of 
osseous metastases. Shreve and coworkers 30 ' 112 reported a sensitiv- 
ity of 65% in 22 patients with 202 bone lesions (SUV 2.1-5.7). An 
even lower detection rate was reported by Yeh and coworkers 112 : 
only 16% of lesions noted on bone scan were visualized by FDG- 
PET. However, more recent evidence suggests that FDG is an accu- 
rate means in assessing the biologic activity of bone metastases (see 
the section "Response to Therapy and Prognostic Value"). 

^C-acetate PET detected lymph node and bone metastases with 
100% and 86% sensitivity, respectively. 26 However, both the num- 
ber of patients studied and number of lesions were very small, so 
that further investigation is clearly needed. 

The utility of 1 1 C-choline PET for nodal staging of prostate cancer 
before prostatectomy was assessed by de Jong and coworkers. 56 In 
67 patients, lymph node metastases were detected with a sensitivity 
of 80% and specificity of 96%. PET scan was true positive in 12 of 15 
patients with histologically proven nodal metastases and was true 
negative in 50 of 52 without metastases. Of note, a solitary distant 
nodal metastasis was found in the common iliac nodes in 5 of these 
12 patients. 

Although PET bone scanning with 18 F-fluoride, especially in 
combination with CT looks extremely promising, 113 it is likely that 
lap PET bone scanning will be useful in the same general clinical 
situation, ie, patients with PSA >20 ng/mL and suspicion for osse- 
ous metastases. 

PSA Relapse 

In most cases, recurrent disease presents initially as biochemical 
recurrence (BCR), with an increase in serum levels of PSA. Approx- 
imately one-third of patients undergoing radical prostatectomy and 
a similar number of patients with radiation therapy will develop 
BCR. In the majority of cases, this early rise in PSA occurs in isola- 
tion without any symptoms or other objective findings. The clinical 
behavior of the patient group is extremely heterogeneous and it is 
not unusual for patients to survive for 5 to 10 years with an elevated 
PSA as the only evidence of recurrent disease. Imaging studies are 
frequently negative. 

Conventional Imaging Studies 

Local Recurrence. The most commonly used imaging technique in 
the detection of local recurrence is TRUS. The technique is more 
sensitive than digital rectal examination (75% versus 44%) but less 
specific (67% versus 91 %). 1 H In this study the overall TRUS-guided 



biopsy detection rate was only 41%. The likelihood for tumor de- 
tection was higher in patients with a PSA greater than 4 ng/mL. It is 
difficult to estimate the rate of false-negative TRUS and TRUS- 
guided biopsies, but as many as 28% of patients with normal initial 
biopsies demonstrate cancer in subsequent biopsies. 115116 

CT is not a suitable method for the early detection of local recur- 
rence. 117119 In nonselected patients, the rate of CT-detected local 
recurrences was only 11% (2 of 18 patients), despite a relatively 
high PSA level of 1 2.4 ng/mL and a mean PSA velocity of 30 ng/mL/ 
yr. lls In another study only 36% of local recurrences were detected, 
and in all of these patients the lesion was larger than 2 cm in size. 1 19 
Salvage RT appears most effective in patients with PSA relapse of less 
than 1.5 ng/mL, 120 and CT cannot detect these early and small 
recurrences. However, CT can be used for monitoring previously 
established nodal and visceral disease. 

MRI has been investigated for its use in identifying local recur- 
rence and metastatic bony disease in patients with rising PSA after 
radical treatment. 1 21 " 123 In a small number of patients MRI appeared 
to have a high sensitivity and specificity of 100% for detecting local 
recurrence after radical prostatectomy. 124 Similar data (sensitivity 
95% and specificity 100%) were reported in a recent study in 48 
patients with local recurrence. 133 It remains to be seen whether 
these data can be reproduced outside of specialized centers. Of note, 
in the latter study 30% of local recurrences were detected outside 
the prostatic bed (in seminal vesicles, along surgical margins or 
elsewhere in the pelvis), which would be important for directing 
biopsies to these sites of suspected disease. 

Metastatic Disease. The bone scan is the most commonly used test 
in patients with BCR; a survey among urologists revealed that 70% 
order a bone scan a part of the workup in patients with rising PSA 
after radical prostatectomy or radiation therapy. 125 However, large 
retrospective studies have shown that the positive yield of a bone 
scan is less than 1% to 2% in patients with PSA levels less than 10 
ng/mL 110 126 127 Even with PSA levels of 10 ng/mL the fraction of 
bone scan-detected bone metastases is in the single digit range, and 
this value is now frequently recommended as the cut-off for order- 
ing a bone scan. In one study the probability for a positive bone scan 
was less than 5% until PSA increased to 40 to 45 ng/mL. The use of 
clinical nomograms may help refine the patient population in whom 
a bone scan should be performed. In patients with abnormal bone 
scan, the extent of osseous metastatic disease from prostate cancer is 
an independent prognostic marker. 128-130 

The role of CT in the detection of bone metastases is limited and 
its routine use not recommended. In contrast, MRI is both sensitive 
and specific for this purpose. MRI can detect metastases earlier than 
the bone scan, when they are still developing in the bone marrow. 
The bone marrow survey is a dedicated MRI technique that covers 
the axial and proximal appendicular skeleton. The inability to cover 
the entire skeleton at a reasonable time and at reasonable cost has 
prevented the widespread use of whole body MRI for detection of 
metastases. Although newer MRI techniques can cover the entire 
torso within a reasonable time 131 it is unlikely that the method will 
enjoy widespread use in patients with prostate cancer. 

Lymph node metastases can be detected by CT or MRI but at this 
time both are limited by their use of size criteria. In a retrospective 
study in 45 patients, the fraction of CT-detected lymph node me- 
tastases was higher in patients with PSA levels of greater than 4 
ng/mL (50%) than in those with lower PSA levels (17%). 2S 

Contribution of PET 

Studies With FDG. Seltzer and coworkers 25 imaged 45 patients 
with BCR (mean PSA 3.8 ng/mL) with abdominopelvic CT and 
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Figure 2 62-year-old male with osseous metastases from prostate cancer; PSA — 6.5 ng/mL. (A) Bone scan shows 
abnormal tracer uptake in the spine and pelvis. (B) CT, (C) PET, and (D) PET/CT fusion images of the pelvis. Note 
absence of FDG uptake in the sclerotic lesion in the right iliac bone, which shows intense tracer uptake on the bone 
scan. (Color version of figure is available online.) 



FDG-PET. CT and PET were positive for nodal metastases in 33% 
and 27%, respectively. The authors then applied an arbitrary cut-off 
value for PSA and found a higher detection rate for lymph node 
metastases in patients with PSA greater than 4 ng/mL (CT: 50%, 
PET: 50%) as compared with those with lower PSA levels. The study 
had some limitations in that attenuation correction was not rou- 
tinely performed, biopsy confirmation was available in only 12 of 
the 45 patients, and a method-inherent bias favored CT results (only 
enlarged lymph nodes were biopsied). It was concluded that both 
imaging modalities are of limited use for the detection of metastatic 
disease in patients with low levels of PSA. In our own experience in 
93 patients with BCR and a PSA of 4.38.6 ng/mL, FDG-PET was 
positive in 35% of cases, detecting local recurrence, nodal, or osse- 
ous metastases. The majority of true-positive lesions (30 of 35) were 
distant metastases (Figs. 2 and 3). APSA level of 2.4 ng/mL provided 
the best tradeoff between patients with positive and negative scan 
(sensitivity/specificity 79%/66%). Because of the low yield of true- 
positive findings, FDG-PET is therefore not recommended in post- 
prostatectomy patients with BCR whose PSA levels are less than 2.4 
ng/mL. 27 

Other PET tracers, in particular choline and acetate, have been 
studied in patients with PSA relapse. According to unanimous initial 
reports these agents hold great promise for detecting recurrent dis- 
ease in patients with BCR.38,39,63,67 

Studies With Acetate. The value of n C-acetate in patients with 
BCR has been addressed specifically in three studies, 31 - 38 ' 39 which 



included a total of approximately 100 patients. Kotzerke and co- 
workers 39 specifically studied the value of 1L C-acetate PET in visu- 
alizing local recurrence in the prostate bed and adjacent tissues. 
Thiny-one patients with BCR and a mean PSA of 15 ± 30 ng/mL 
(range 0.9-151) were included. TRUS (followed by biopsy if suspi- 
cious nodules were detected) and 6 months of clinical follow-up 
served as standard of reference. Recurrent disease was eventually 
proven (21 biopsy, 2 TRUS only) in 18 patients. PET showed focal 
abnormal tracer uptake in the prostate bed in 15 of these individuals 
(sensitivity 15/18 = 83%). PET was false negative in three patients 
(PSA 1.3; 44 and 12.6 ng/mL). There were no false-positive find- 
ings. In addition to local recurrence, distant lymph node or bone 
metastases were seen in five patients each. The proportion of tumors 
detected appeared independent of PSA levels. In a subgroup of 
patients with PSA levels less than 2 ng/mL, five of eight local recur- 
rence were noted by PET, thereby identifying patients who might 
benefit from salvage RT. (Salvage RT for local recurrence appears 
most promising in patients with PSA levels < 1.5-2.0 ng/mL 132 and 
would only be initiated in patients without distant disease.) The 
three tumors not detected by acetate PET were less than 1,5 mL in 
volume. 

Oyama and coworkers studied 46 patients with rising PSA after 
prostatectomy or primary radiation therapy. 38 All patients under- 
went PET with n C-acetate and FDG (furosemide and bladder cath- 
eter for the latter). Abnormal tracer uptake, suspicious for recurrent 
disease, was detected in 59% of acetate studies but only 17% of FDG 
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Figure 3 FDG-PET shows response to therapy in this patient with osseus metastases from prostate cancer who had a PSA 
of 5 . 88 ng/mL (A) CT , PET, and PET- CT fusion images show abnormal FDG uptake within a sclerotic lesion in the axis 
(second cervical vertebra). (B) A follow-up study 6 months later, after combined androgen withdrawal therapy, shows 
an identical CT image but lack of FDG uptake. (C) Bone scan images at time point 1 (left panel) and 6 months later 
(right panel) are almost identical with several lesions in spine and pelvis. (Color version of figure is available online.) 
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Figure 4 (A) FDG and n C acetate PET scan in 73-year-old male with 
PSA relapse (9.1 ngtaL) approximately 2 years after external beam 
RT with curative intent. FDG images (left panel) show no abnormal 
tracer uptake, whereas 1 1C acetate images (right panel) clearly dem- 
onstrate abnormal tracer uptake in pelvic lymph nodes. (B) CT 
shows mildly enlarged pelvis lymph nodes. (Images reprinted by 
permission of the Society of Nuclear Medicine from Oyama et al. 38 ). 



studies (Fig. 4). Using CT, bone scan, biopsy, or "high clinical 
probability" as the standard of reference, 30% of patients had their 
disease identified by acetate PET, whereas only 9% had disease 
identified by FDG-PET, In this study, the probability for lesion 
detection was higher in patients with PSA levels greater than 3 
ng/mL (59%) as compared with those with lower PSA levels (4%). 
This is in contrast to data by Kotzerke and coworkers 39 (see above). 

Fricke and coworkers 31 compared FDG and n C-acetate PET in 
prostate cancer patients with suspected local recurrence or meta- 
static disease (PSA range, 0.4-400 ng/mL). An arbitrary SUV 



greater than 2 was used to identify disease. Overall, local recurrence 
or metastases were detected in two thirds of patients with FDG and 
80% of patients with n C-acetate. The intensity of FDG uptake in 
these lesions was generally lower that that for acetate (median SUV 
1.4 versus 3.2). In a subset of 15 patients who were imaged with 
both tracers, acetate showed a higher sensitivity than FDG for local 
recurrence and nodal metastases (70% versus 43% and 75% versus 
30%). However, distant disease mostiy in bone) was detected more 
frequendy with FDG (75% of cases versus 50% with acetate). It was 
suggested that PET imaging with more than one tracer might be 
necessary in the evaluation of patients with BCR. 

Studies With Choline. Price and coworkers 62 investigated the dis- 
tribution of FDG and F-choline in cell cultures and patients with 
androgen-dependent and androgen-independent prostate cancer. 
FCH uptake was 80% and 60% greater than FDG uptake in andro- 
gen-dependent and -independent cells. In patients with primary or 
metastatic prostate cancer, more lesions were visualized with FCH, 
Prostatic uptake was 2.8-fold higher for FCH than for FDG and 
appeared more focal. Local disease recurrence was detected in three 
patients with FCH but only one with FDG. Six patients showed 
abnormal uptake of FCH in lymph nodes in comparison with two 
patients with FDG. FCH was retained in tumor tissue for 1 h after 
administration, consistent with its phosphorylation and incorpora- 
tion into cellular lipids. 

De Jong and coworkers studied 22 patients with rising PSA and 
14 without evidence for BCR after prostatectomy or radical radia- 
tion therapy 67 1 'C-choline PET was true negative in 14 of 14 patients 
without BCR. Among the 22 patients with elevated PSA levels, sites 
of recurrent disease were identified in 12 (5 of 13 with radical 
prostatectomy and 7 of 9 with radiation therapy). In the 10 patients 
with negative PET, all other imaging studies had also failed to dem- 
onstrate sites of disease. Of note, all patients with PSA levels less 
than 5 ng/mL had a negative PET scan. 

The largest study to date was conducted by Picchio and co- 
workers, 63 who compared n C-choline and FDG in 100 men with 
BCR (mean PSA, 6.5 ng/mL; range, 0.14-171). Seventy-seven 
mdividuals had undergone prostatectomy, and 23 had been 
treated with radiation therapy. PET findings were compared with 
those in "conventional imaging studies" and in those individuals 
with negative PET using PSA levels after 1 year of follow-up. 
More abnormalities, suspicious for recurrent disease, were noted 
with choline than with FDG (47% versus 27% of studies; Fig. 5). 
Patients (35 of 47) with abnormal choline scan also had recurrent 
disease identified by conventional imaging. There was only one 
patient with negative choline scan in whom conventional imag- 
ing studies found the site of disease. Overall, choline PET proved 
more accurate than FDG for detecting local recurrence as well as 
nodal and distant metastases. A negative choline scan likely in- 
dicates a good prognosis because 80% of these patients showed 
stable PSA levels at 1 year of follow-up. 

Studies With Methionine. Nunez and coworkers 31, compared the 
diagnostic yield of FDG and n C-methionine in 12 castrate pa- 
tients with progressing prostate cancer, defined as 50% increase 
in the PSA levels and the development of new lesions or worsen- 
ing of preexisting lesions on bone scan, CT, orMRl. Of all lesions 
assessed, 93% were osseous metastases. On average, the intensity 
of methionine uptake in these lesions was significantly higher 
than that of FDG and more lesions were detected with U C- 
methionine PET. The number of lesions on methionine PET cor- 
related better with the number of lesions on bone scan. Using 
conventional imaging (CT, MRI, bone scan) as the their standard. 
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Figure 5 Transaxial PET images in a patient with a man with PSA relapse (PSA =3.8 ng/mL) approximately 6 years after 
radical prostatectomy. 11 C choline PET shows abnormal tracer accumulation in the prostate bed (A), whereas FDG 
image appears normal (B). T 2 -weighted spine-echo MM (C) and contrast-enhanced, fat-suppressed T] -weighted MRI 
(D) clearly show abnormal soft tissue in the prostate bed (arrows). (Images used with permission from Picchio et al. 
j Urol 169:1337-1340, 2003.) 



the sensitivity for the detection of bone and soft tissue metastases 
was 48% and 34%, respectively, for FDG-PET as compared with 
70% and 70%, respectively, for n C-methionine PET. The au- 
thors speculated that FDG might reflect the biologic activity of 
the disease more accurately than bone scan or methionine PET. 

Response to Therapy and Prognostic Value 
Treatment Monitoring 

Most prostate cancers are dependent on androgen for growth and 
metastasis. Therefore, androgen ablation is one of the main treat- 
ment modalities in patients who do not qualify for radical treatment 
with curative intent and also for many patients with recurrent or 
metastatic disease. In selected cases, chemotherapy is also 
used. 13 w 34 The current means of assessing the response to hor- 
monal and chemotherapy are imprecise and inadequate because 
changes in tumor size are often slow to occur and alterations in PSA 
levels do not always correlate with clinical outcome. 135,136 For in- 
stance, androgen blockade causes a decline in PSA to undetectable 
levels, but this does not necessarily reflect an improved survival in 
these patients. 135 Also, bone lesions are notoriously difficult to 
quantitate on conventional imaging studies, and bone scan may 
actually get worse, even when tumor has responded ie, ("flare" phe- 
nomenon). 137 ' 138 



Experimental and clinical studies (Figs 2 and 3) suggested that 
PET can monitor the course of prostate cancer and its response to 
therapy. 2,1 ' 33 ' 70 ' 139,1 40 Using a human prostate cancer xenograft 
model, Agus and coworkers 2,1 studied serial changes in prostate 
cancer metabolism with 3 H DOG or FDG-PET. At 48 h after andro- 
gen •withdrawal, glucose accumulation in the tumor was decreased 
to 62% of baseline level and decreased further to 32% of baseline 
after 10 days. Changes in tumor metabolism preceded changes in 
tumor volume and PSA. The decline in tumor glucose uptake also 
was associated with a decrease in the proportion of tumor cells in 
the active cell cycle. Remrroduction of androgen caused a return of 
glucose uptake to near baseline levels. Similar data were reported by 
Oyama and coworkers 14 * 3 using a tumor-bearing mouse model and 
micro PET imaging. Treatment with diethylstilbestrol, simulating 
androgen withdrawal therapy, caused a decrease in FDG uptake in 
the prostate at 3 weeks. No such change was noted in control ani- 
mals or those treated with dihydrotestosterone. These experimental 
studies and preliminary data in patients suggested that FDG-PET 
could be used for treatment monitoring in prostate cancer patients. 
In a small series of 10 patients, Oyama and coworkers 139 used FDG 
for monitoring the response to androgen ablation therapy. PET was 
performed before and then again between 1 and 5 months after 
initiation of hormonal therapy. All patients showed a decrease in 
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PSA levels as well as FDG SUV in the prostate gland and at meta- 
static sites. PSA levels declined by 70% to 99% compared with 
baseline and the SUV decreased by 12% to 77% compared with 
baseline. Of note, there was no correlation between these two pa- 
rameters. Although these findings suggested that glucose use in 
human prostate cancer is suppressed by androgen ablation, it re- 
mains to be seen if and how the data can be used to guide patient 
management. In a mouse model, the proliferation marker F-18 FLT 
also appeared to be suitable for monitoring the response of to an- 
drogen withdrawal therapy. H1 

Using F-18 choline as a PET tracer, DeGrado and coworkers™ 
describe the response to androgen withdrawal therapy in a patient 
with metastatic prostate cancer. Although the lesion was still visu- 
alized on the follow-up scan, the intensity of choline uptake had 
decreased significantly (approximately 60% decline in SUV as com- 
pared with baseline). 

As stated above, FDG-PET detects fewer osseous lesions than 
either bone scan or CT. 3CU12 However, these two imaging modalities 
only reflect abnormal osteoblast activity or structural alterations in 
the bone, which do not necessarily indicate the presence of viable 
tumor cells. Abnormalities on bone scan can persist for many years, 
although no viable rumor can be found on biopsy. As mentioned 
above, an increase in tracer uptake in the bone scan after therapy can 
reflect treatment-induced changes in blood flow and osteoblast ac- 
tivity rather than an increase in tumor burden ("flare phenome- 
non 7 '). In patients that show a flare phenomenon on bone scan, 
FDG-PET may reflect more accurately the response to therapy. 142 

Prognostic Value 

For a number of malignancies, the intensity of tracer uptake can 
serve as an independent indicator of the patient's prognosis both in 
the primary setting as well as for recurrent disease. 143445 Limited 
evidence suggests that this also may apply in patients with prostate 
cancer 146 : among surgically treated patients, those with low FDG 
uptake in the primary tumor (SUV <4) appeared to have better 
relapse -free survival. However, the same authors also reported 26 
that the probability for a positive PET scan in patients with newly 
diagnosed prostate cancer increases with advancing stage as well as 
increases in PSA levels, which are established prognostic factors. 11 
Therefore, it remains to be seen whether PET provides truly inde- 
pendent prognostic information in prostate cancer. 

The prognostic value of FDG-PET in patients with bone metasta- 
ses was addressed in a study by Morris and coworkers. 33 Of a total of 
137 of the lesions (in 17 patients), 71% were noted on both PET and 
bone scan, whereas 23% were only seen on bone scan and 6% only 
on PET. Of note, all but one of the lesions noted on bone scan alone 
remained stable, but al lesions detected only by FDG-PET showed 
further progression with positive bone scans developing at the site 
on follow-up. This suggested that FDG-PET might reflect more 
accurately the tumor biology and aggressiveness of the disease. 

Conclusions 

The usefulness of PET is strongly influenced by the clinical state and 
aggressiveness of the individual patient's tumor. This fact has been 
given insufficient weight in many early studies of the role of PET in 
prostate cancer, and clinical status is often incompletely reported. 
This makes interpretation of the findings of individual studies prob- 
lematic. Nevertheless, it is clear that for many patients with primary 
prostate cancer, PET is not a useful test for initial detection. How- 
ever, from a practical point of view, this may be less relevant. In 
most men now being diagnosed with prostate cancer, workup is 
initiated because of an incidentally detected elevated PSA level dur- 



ing routine physical examination. Further evaluation almost always 
includes consultation with an urologist, digital rectal examination, 
transrectal ultrasound and (TRUS-guided) biopsy of the prostate. 
Because this diagnostic paradigm is now widely accepted, few of the 
more recent imaging studies have attempted to diagnose prostate 
cancer or distinguish it from BPH. 

With regard to staging, neither CT nor MRI, as currendy prac- 
ticed, reliably detect lymph node metastases from primary prostate 
carcinoma. A bone scan should only be ordered in selected patients, 
based on significant elevation (>20 ng/mL) of the PSA. PET with 
FDG is not helpful in detecting nodal metastases in the primary 
setting. n C-acetate or choline appear more promising for identify- 
ing metastatic disease, but their exact role in the management of 
patients with primary prostate cancer requires further investigation, 

FDG-PET can identify recurrent disease, nodal, and osseous me- 
tastases in patients with PSA relapse. Lower thresholds for PSA have 
been identified, above which FDG is more likely to detect disease. 
Similar thresholds likely also exist for imaging with acetate or cho- 
line. 38 ' 67 Neither acetate nor choline is the "perfect" radiotracer, and 
local recurrence or small nodal metastases can be missed. Neverthe- 
less, PET with choline or acetate generally shows more sites of 
disease and more intense uptake in these lesions than FDG. One 
study suggested that imaging with 2 tracers may be required in 
patients with PSA relapse, because local recurrence and lymph node 
metastases were detected better with acetate, but bone lesions better 
with FDG. 31 

Renal Cell Carcinoma (RCC) 

RCC accounts for approximately 3% of all cancers in adults, and 
approximately 36,000 cases will be diagnosed in 2004 in the United 
States. 1 With the increased use of ultrasound and CT for the evalu- 
ation of abdominal diseased, the number of incidentally discovered 
RCCs has increased significandy , 147 Surgery is the only definite form 
of therapy in these patients. Curative resection is feasible for local- 
ized disease (including stages I, III, Ilia) and the prognosis after 
resection of the primary tumor is good. 147 However, the prognosis is 
bleak in patients with oven metastases at the time of diagnosis, with 
a median survival of 10 months. 

CT is the standard imaging test for evaluation of patients with 
renal masses. 148 Helical CT may identify RCC with a sensitivity of 
100% and specificity of 88% to 95%. 149 ' 150 The reported sensitivity 
of CT for the detection of retroperitoneal lymph node metastases is 
as high as 9 5%, 148 but using a nodal size of 1 cm or greater as 
criterion, the rate of false-positive findings can range from 3% to 
43%.' 51 Despite recent advances in CT technology, the sensitivity 
for the detection of pulmonary metastases from extra-thoracic pri- 
mary tumors ranges from 75% to 95% but is lower (50-70%) for 
lesions smaller than 6 mm in size. 152,153 

Detection of Primary Disease 

Few studies have investigated the utility of PET in the assessment of 
renal masses and primary staging of RCC. In a pilot study in five 
patients with RCC, all primary tumor and metastases were visual- 
ized by FDG-PET. 154 This prompted further investigations in pa- 
tients with primary RCC as well as those with suspected local recur- 
rence or metastatic disease. In a study of 29 patients, PET was 
positive in 20 of 26 with confirmed disease, but the primary tumor 
was missed in 6 cases. An angiomyolipoma, a pericytoma, and a 
pheochromocytoma showed a false-positive PET result. 155 In a more 
recent study 156 a primary RCC was identified in 15 of 17 patients 
with suspicious renal masses. There were no false-positive results. 




Figure 6 Staging of RCC. (A) Coronal FDG-PET images, coronal CT, and coronal PET/CT fusion images show abnormal 
FDG uptake in a right renal mass. (B) Transaxial PET, CT, and fusion images, as well as coronal PET-CT fusion image, 
show tumor extension into the right renal vein and inferior vena cava. (Color version of figure is available online.) 
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Overall, PET influenced treatment decisions in 6 of 17 patients 
(35%); 2 were found to have metastases by PET, whereas renal vein 
thrombus was excluded in 1, and 3 were considered eligible for 
nephron-sparing surgery. The overall accuracy was 94%, which was 
identical to CT in this study. However, this high sensitivity of PET 
could not be reproduced in other studies. 157 - 158 In the largest study 
to date, Kang and coworkers 157 performed FDG-PET in 66 patients 
with RCC. Of the 17 individuals with known primary RCC or sus- 
picious mass, 15 were found to have a primary renal cancer; only 9 
of these tumors appeared hypermetabolic on FDG-PET and were 
thus correcdy classified as cancer. The PET sensitivity and specific- 
ity for the detection of primary RCC were 60% and 100% (CT: 92% 
and 100%). An image example is shown in Figure 6. 

Recurrent and Metastatic Disease 

Metastatic disease is a strong predictor of poor survival in patients 
with RCC. 159 Patients with advanced metastatic disease have a 0% to 
2% 5-year survival rate, 160 whereas solitary metastases can be re- 
sected surgically in selected patients, with a 5-year survival rate of 
approximately 30%. 161 Early detection and management of metas- 
tases has the potential to improve prognosis and quality of life. 
Currently CT, sometimes supplemented by a bone scan if indicated, 
is the most commonly used imaging test for follow-up of patients 
with RCC. Although FDG-PET did not appear to contribute much to 
the initial staging of RCC, the detection of local recurrence or me- 
tastases should not be affected by some of the FDG-inherent limita- 
tions in imaging the urinary tract. 15W57 ' 1 62-165 

The aforementioned study by Ramdave et al 156 included eight 
patients with suspected local recurrence or metastatic disease. PET 
was true positive in seven patients and true negative in one, yielding 
a diagnostic accuracy of 100% (CT: 88%). Of eight patients in 
whom CT suggested potentially resectable metastatic disease, PET 
revealed widespread metastases in four. In one patient, PET accu- 
rately distinguished between postradiation changes and local recur- 
rence. The findings lead to a change in treatment in four of eight 
patients (50%) by avoiding or altering planned surgical procedures. 

Safaei and coworkers I6+ performed PET in 36 patients with ad- 
vanced renal cell cancer who were referred for restaging. 85% of 
confirmed lesions were assessed accurately (sensitivity 88%, speci- 
ficity 75%). They concluded that PET could be useful in character- 
izing anatomic lesions of unknown significance. 

Majhail and coworkers 165 studied 24 patients with RCC and sus- 
pected recurrence at distant sites. Of the 33 sites of histologically 
proven metastatic sites, 21 (64%) were identified by PET. Sensitivity 
and specificity were 64% and 100%. These findings were indepen- 
dent of initial Fuhrman grade, prior immuno- or chemotherapy, or 
the site of distant metastases. However, the average size of metastatic 
lesions correctly identified by PET was larger than that for false- 
negative findings (2.2 cm versus 1.0 cm; P < 0.01). In no case did 
FDG-PET identify distant metastases that had not been visualized by 
CT or MRI. 

In the larger study by Kang and coworkers, 157 a total of 172 soft 
tissue and bone lesions were confirmed as metastatic RCC either by 
subsequent imaging studies or histopathology, and 1 15 of these 
(67%) were identified by PET. Specifically PET detected 89 of 139 
soft tissue metastases (64%) and 26 of 33 bone metastases (78%). 
Lung metastases were detected with a sensitivity of 75% and spec- 
ificity of 97%. As expected, CT was more sensitive than PET in 
detecting lung metastases (91%). In addition, the combination of 
CT and bone scan showed higher sensitivity for detecting osseous 
metastases (94%). For retroperitoneal nodal metastases, PET was 
75% sensitive and 100% specific (CT: 93% and 98%). Multiple 



lesions within a single patient often exhibited differing levels of FDG 
uptake and some were undetectable: In 44% of studies PET detected 
all metastatic lesions, in another 44% only some lesions, and in 12% 
PET failed to detect any metastasis. Overall, the specificity of PET 
was generally higher than that of any other test or a combination of 
CT and bone scan (for bone lesions). In 39 scans (in 32 pats) PET 
failed to detect RCC lesions identified by conventional imaging. 

Conclusion 

CT, not PET, is the method of choice for the detection and staging of 
primary RCC. FDG-PET has a limited sensitivity for evaluating met- 
astatic RCC, in particular for small metastatic lesions. Although a 
negative study cannot rule out metastatic disease with sufficient 
accuracy, a positive PET scan should be considered strongly suspi- 
cious for local recurrence or metastasis, because of the high speci- 
ficity and PPV of this test. However, because of the limited anatomic 
information, PET cannot replace the need for CT in the follow-up of 
RCC patients. A combined test (CT and PET) may be necessary if 
important management decisions were to be based on the test result. 
This would take advantage of the high sensitivity of CT and high 
specificity of PET in patients with metastatic RCC. PET can also 
serve as a "problem-solving" modality in cases with equivocal CT or 
bone scan findings and may prove useful in monitoring treatment 
response as more effective treatments become available. 

Bladder Cancer 

Bladder cancer is the fourth most common malignancy in men in the 
United States, and approximately 60,000 new cases are expected to 
occur in 2004. 1 Most of the newly diagnosed tumors are low grade 
and noninvasive. They recur frequendy but rarely progress to mus- 
cle invasive or metastatic disease. It is unlikely that PET imaging 
could contribute to the management of these tumors. In contrast, 
high-grade or invasive bladder cancer is characterized by progres- 
sive local invasion, extension to adjacent organs, and the develop- 
ment of regional and distant metastases. Radical cystectomy with 
pelvic lymphadenectomy is the standard of treatment for patients 
with invasive disease that is confined to the pelvis. The effectiveness 
of local therapy depends largely on the extent of primary tumor 
invasion and the presence of pelvic lymph node metastases: Organ- 
confined bladder cancer can be treated by surgery alone and may be 
curable in more than 70% of patients, 166-1 68 but patients with re- 
gional nodal metastases show a propensity for disease recurrence 
and distant disease and, as a group, show a 5 -year survival of only 
20% to 25% patients. 166-169 Accurate staging of bladder cancer is 
therefore important to select the appropriate treatment strategy. 
Advances in surgical techniques for cystectomy and pelvic recon- 
struction have made it possible to tailor surgery to the specific needs 
of patients. Preoperative knowledge of local tumor extension would 
help in selecting appropriate patients for bladder sparing surgery, 
nerve or vaginal sparing procedures or pelvic exenteration. Histor- 
ically, the accuracy of CT for the staging of bladder cancer has been 
as low as 50% as compared with approximately 75% with 
MR!. 170-173 The introduction of multi-detector row CT, new MR 
techniques and MR contrast agents could potentially improve the 
staging accuracy. Nevertheless, anatomic imaging techniques have 
method-inherent limitations for the assessment of lymph node me- 
tastases as well as for the detection of local recurrence. 

Scant work has been done with PET in bladder cancer, 111 - 1 55 - m 
Renal excretion of FDG and streak artifacts from excreted tracer in 
the urinary bladder led many investigators to conclude that PET 
would be of limited value in bladder cancer. Although efforts have 
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Figm 7 Bladder cancer imaging with FDG. (A) Transaxial FDG-PET 
image shows excreted tracer in the urinary bladder. OB) The corre- 
sponding CT image shows thickening of the bladder wall and a 1.7 X 
1 .3 cm left perivesical lymph node, likely metastatic. On PET, however, 
the tumor cannot be identified because of accumulation of excreted 
tracer in die bladder. FDG is not a suitable tracer for the staging of 
bladder cancer. 



been made to reduce the amount of excreted FDG in the bladder 
(forced diuresis, bladder catheter with continuous irrigation), the 
results have largely been disappointing. Pooling of excreted tracer in 
the ureters and variable bowl activity presented further challenges 
(Fig 7). One small study reported a sensitivity and specificity of 67% 
and 85% in patients with carcinoma of the bladder neck, which was 
better than CT-MRI. 155 However, because of the above limitations 
the use of FDG-PET for staging of bladder cancer has not found 
acceptance in clinical practice. In contrast, based on our experience 
and sporadic case reports, 175 PET with FDG can be a useful test for 
the detection of recurrent tumor in the pelvis, differentiation be- 
tween local recurrent disease versus, postsurgical or postiixadiation 
fibrosis or necrosis and for the detection of distant metastases. The 
use of combined PET-CT imaging is expected to reduce the number 
of false-positive findings in the lower abdomen and pelvis, which 
should increase the accuracy of the test. 176 ' 177 Nevertheless, there is 
a need to study the efficacy of other PET tracers, without or only 
limited renal excretion, in bladder cancer. n C methionine and cho- 
line have been proposed for this purpose. With methionine, tracer 
uptake in the primary tumor was related to tumor grade. 178 How- 
ever, only 78% of all bladder cancers could be visualized, and PET 
did not improve the local staging of the disease, de Jong and co- 
workers performed PET with 1 ^-choline in 18 patients before cys- 
tectomy (but after transurethral resection or biopsy) and in 5 vol- 
unteers, m Normal bladder tissue showed little tracer uptake and 
there was only minimal urinary activity. The primary tumor was 
visualized in 10 patients with residual invasive disease in the cys- 
tectomy specimen (mean SUV, 4.7 ± 3.6, range, 1.5-13.0). In 
another seven patients no residual tumor was found at the time of 
cystectomy. Premalignant lesions (CIS, dysplasia) were present in 
three of these but were missed by PET. In the remaining patient PET 



was true negative. One patient showed unexpected abundant uri- 
nary activity that interfered with tumor detection, and one false 
positive fmding was related to inflammatory changes from an in- 
dwelling bladder catheter. 

Conclusion 

Because of its renal excretion, FDG is not a suitable tracer for de- 
tecting a tumor in the bladder wall. Its accuracy of FDG-PET for 
finding lymph node metastases is rather low and the method has not 
found acceptance for the presurgical staging of bladder cancer. 
However, recurrent disease in the pelvis can be identified with FDG. 
For proper interpretation of these studies the reader needs to be 
familiar with various techniques of bladder reconstruction. The role 
of u C-acetate and choline in bladder cancer is under investigation. 
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FDC PET has long shown efficacy in the evaluation of indeterminate pulmonary nodules. More recently, 
the use of dual time point imaging has been looked at as a means for improving sensitivity and accuracy. 
While initial reports were very promising, more recent results looking specifically at pulmonary lesions 
with low levels of FDG avidity demonstrated limitations. These lesions (initial maximum standard uptake 
value of less than 2.5) are of particular interest due to the fan that we 11 -differentiated adenocarcinomas, 
broncheoaveolar carcinoma and carcinoid may have low FDC avidity on standard PET imaging, leading 
to false-negative exams. Our study retrospectively reviewed the accuracy of dual time point (DTP) FDC 
PET imaging to determine if it aided in the identification of malignant pulmonary nodules when initial 
time point imaging showed a maximum SUV of less than 2.5. 113 patients had undergone a total of 130 
DTP PET/CT with 152 lesions assessed. 67 lesions were subsequently definitively diagnosed as benign or 
malignant based upon biopsy or imaging follow-up. Utilizing a maximum SUV increase of 10%, which 
optimizes our sensitivity and specificity; our results demonstrate a sensitivity of 63% and a specificity 
of 59%, similar to other investigators evaluating lesions with low FDC avidity. Increasing or decreasing 
this threshold did not improve our results, nor did the addition of lesions with maximum SUV's of 2.5 
or greater on initial imaging. Specifically in nodules with low FDC avidity (max SUV<2.5), the sensi- 
tivity was 61 %, specificity 5S%, and accuracy was 60%. Our findings suggest that DTP FDG PET may not 
be of benefit in the assessment of pulmonary nodules with maximum SUV of less than 2.5 on initial 
imaging. 

Published by Elsevier Ireland Ltd. 



1. Introduction 

18F-FDG PET has repeatedly demonstrated its utility for 
differentiating benign and malignant lung lesions. Typically, 
malignant pulmonary nodules will have increased FDG uptake 
due to overexpression of glucose transporter I [1 ]. In addition, the 
intracellular concentration of hexo kinase is elevated which assists 
in the trapping of FDG within these malignant cells. Unfortunately, 
inflammatory processes have the same mechanism of action and 
cannot be easily distinguished from malignancy [2]. In theory, 
benign pulmonary nodules should not overexpress either glucose 
transporter I or hexokinase and thereby should not have increased 
FDC avidity. Unfortunately, some we II -differentiated malignancies 
(classically, bronchoalveolar carcinoma, well -differentiated adeno- 
carinoma, and carcinoid tumors) may not demonstrate increased 
FDG avidity [3]. Further confounding the issue is that some benign 
inflammatory and infectious processes can demonstrate increased 
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FDG avidity as well [2]. In order to distinguish whether a low FDC 
avid pulmonary nodule (maximum SUV (max SUV) < 2,5 on initial 
imaging) is benign or malignant, dual time point imaging has 
been used [4,5]. Theoretically, over a short time frame, malignant 
nodules would continue to accumulate and trap FDG as opposed 
to benign processes which would either maintain stable or even 
decreased FDG activity [2], 

Some authors found duai -time -point imaging may improve the 
sensitivity and/or specificity of FDG PET and thus have the poten- 
tial to improve accuracy in the evaluation of lung nodules [2,6,7]. 
Others recently have shown less promising results when looking 
specifically at lesions with low FDG avidity [8], The purpose of our 
studywasto fu.rtherinvestigat.ethe accuracy of dualtime point FDG 
PET imaging for determining the nature of pulmonarv lesions when 
the initial 1 h maximum SUV is less than 2.5. 

. 2. Materials and methods 

All reports from PET/CT examination using dual time point 
(DTP) technique performed at our institution from the period 
of June 2006 to September 2008 were retrospectively reviewed. 
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Institutional review board (IRB) approval was obtained for this 
research and patient consent was waived due to the retro spective 
nature of the study. 

The goal of the activity was to quantify the diagnostic bene- 
fit of DTP. During this 15-month period, 113 patients underwent a 
total of 130 DTP PET/CT with 152 lesions assessed. Patients were 
referred for PET/CT as part of their routine clinical management 
for either initial assessment of an indeterminate pulmonary nod- 
ule(s) without history of known malignancy, initial assessment of 
an indeterminate pulmonary nodule(s) with history of known non- 
pulmonary malignancy, follow-up of indeterminate pulmonary 
nodule(s), or concern for recurrence in individuals with a personal 
history of lung cancer. 

Imaging from vertex of the head to mid thighs was obtained 
using an integrated in-line PET/CT scanner (Biograph; Siemens 
Medical Solutions USA. Inc.. Hoffman Estates, 1L). PET was per- 
formed in the fasting state using F-18 FDG (PETNET Solutions, 
Hoffman Estates, IL) with a prescribed dose of 12-18 mCi (aver- 
age 16.5 ..mCi). At approximately 60 min (average 64 min) following 
injection of radiopharmaceutical, whole body CT during quiet res- 
piration was performed (skull base to mid thighs) immediately 
followed by PET. Data acquisition for the CT was obtained using 
130 kV p , 125-135 mA, 5-mm pitch, and 0.8 s tube rotation. Recon- 
structed images were obtained by ordered-subset expectation 
maximization (OSEM) technique using 8 subsets and 2 iterations in 
a 128 x 128 matrix for PET and 512 x 512 matrix for CT. Intravenous 
contrast (Isovue 300, 100 cc, 1.5cc/s, Bracco Diagnostics. Prince- 
ton, NJJ was administered at the ordering provider's discretion and 
absence of any patient contraindications. Emission scanning for 



the PET was performed moving caudal to cranial with 2-4 min/bed 
acquisitions (weight based determination). 

After time point 1 was completed, images were reviewed by 
the nuclear medicine physician who determined if dual time point 
assessment was indicated. In general at our institution, DTP imaging 
was not considered indicated in markedly FDC-avid lesions (>5.0 
max SUV). When DTP was indicated, 2 h following injection (aver- 
age 121 min post injection), a second CT was obtained (limited to 
the chest) followed by repeat PET of the chest. No significant differ- 
ence in acquisition times was present between patients with benign 
versus malignant lesions. 

Five nuclear medicine physicians were involved in the inter- 
pretation of the studies. All were fellowship trained and board 
certified in nuclear medicine with an average of 4.6 years of experi- 
ence interpreting PET/CT. Maximum SUVs were determined based 
upon original reported values. Both regions of interest (ROI) and 
volume of interest (VOI) techniques were used for measurement 
based upon the individual interpreting providers preference. If ROI 
technique was utilize, the slice demonstrating maximum inten- 
sity by visual assessment was measured as well as the level above 
and below and greatest value reported. Of 130 examinations, 7 
reports (10 lesions) were subsequently excluded from analysis 
because the original interpreting nuclear medicine physician did 
not include DTP data in the findings. Another 7 exams (14 lesions) 
were also excluded due to being performed to evaluate for response 
to chemotherapy or radiation therapy which the authors felt would 
induce error into DTP analysis. 

Sixty-seven of the 1 28 lesions were able to be diagnosed as either 
benign or malignant nature (Table 1 ). 
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Table 1 

Type of pulmonary lesions included in DTP analysis. (NOS = nor otherwise specified 
NTMB- non tuberculous mycobatLerjuml. 





. Malignant: 


Benign 


Pathology 






Adenocarcinoma 


13 




NSCLCa NDS 


S 




Small cell 


5 




Bronchoaveolar Carcinoma 


4 




Squamous cell 


2 




Metastasis 


1 




Large cell 


1 




Focal fibrosis 




7 


mieccion 






Fungal 




3 


NTMB 




1 


Organizing pneumonia 




2 


Solitary fibrous tumor 




2 


Eosinophilic granuloma 




1 


Interval progression 


4 




Interval improvement 




10 


2 year stability 




3 


Total 


38 


29 



Determination of benignity or malignancy of lesions was based 
upon one of four criteria: (1) histology in cases of tissue sam- 
pling (50 lesions-34 malignant (Figs. 1 and 2) and 16 benign 
[Figs. 3 and 4), (2) progression of lesion with history of malig- 



nancy elsewhere (4 lesions), (3) improvement of lesion without 
intervening oncologic therapy ( 10 lesions), or (4) 2 years or more of 
stability by Cf examination without intervening oncologic therapy 
(3 lesions). Sixty of the lesions did not meet any of these four crite- 
ria and were excluded from analysis. One lesion was excluded due 
to the proximity of the lateral wall of the left ventricle and subse- 
quent inability to perform accurate quantitative analysis due to the 
heart's physiologic activity. 

3. Results 

A total of 67 lesions were assessed with subsequent definitive 
diagnosis based upon tissue sampling or imaging follow-up. Lesion 
sizes measured 0.7-11.0 cm. Of these, 42 met criteria for low FDG 
avidity lesions with maximum SUV<2.5 (size 0.7-3.6 cm, mean 
1.6 cm). 20 of these lesions (48%) demonstrated <10% change in 
their avidity. 22 of these lesions (52%) demonstrated >10% change 
in their avidity (Tables 2 and 3). Utilizing the threshold of 10%, the 
resulting sensitivity is 61%, specificity is 58% and accuracy is 60%. 
Applying a less stringent threshold of 5%, the resulting sensitivity 
is 70%, specificity is 47% and accuracy is 60%. Utilizing more strict 
criteria, thresholds of 15% and 20%, the resulting sensitivities are 
52% (15%) and 43% (20%), specificities 63% (15%) and 63% (20%) and 
accuracy is 57% (15%) and 52% (20%). Utilizing the threshold of 10%, 
the positive predictive value was 63% and the negative predictive 
value was 58%. 

In taking in consideration all-comers (67 lesions), 31 of these 
lesions (46%) demonstrated < 10% change in their avidity. 36 of these 




Fig. 2. False negative DTP result Noncontrast axial CT (A) shows a 0.9 cm indeterminate right lower lobe pulmonary nodule with max SUV of 2.0 on initial imaging (B) which 
increased to 2.1 at second time point (C) for only a +5.0S6 change. Biopsy showed adenocarcinoma. 
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Table 2 

Final diagnoses of lesions with maximum SUV <2.5 with either less than 10% increase 
or greater than 10* increase in maximum SUV on DTP imaging. 



Table 3 



Initial max SUV 



Mas SUV on DTP % Change Diagnosis 



Diagnoses of lesions with max SUV < 2.5 with less than 103S increase in 
maximum SUV on DTP 



1.1 


0.S 


-27.3 ' 


BAC 


1.9 


1.5 


-21.1 


Benign 


1,5 


1,2 


-20,0 


Adenocarcinoma 


1.6 


1.3 


-1S.8 


Benign 


0.7 


0.6 


-14.3 


Adenocarcinoma 


0,8 


0,7 


-12,5 


Benign 


2.0 


1,8 


— 10,0 


Benign 


1.6 


1.5 


-63 


Benign 


2.2 


2.1 


-4.5 . 


Benign 


0,1 


0.1 


0.0 


Benign 


0.1 


0.1 


o.o ; 


Benign 


0.1 


0.1 


0.0 


Benign 


0.7 


0.7 


0.0 


Adenocarcinoma 


1,4 


1,4 


0.0 


NSCLCa 


1.6 


1.6 


0.0 


BAC 


2.0 


2,1 


5.0 


Adenocarcinoma 


1.7 


1.8 


5.9 


Squamous cell Carcinom 


1.4 


1.5 


7.1 


Benign 


1.2 


1.3 


8.3 


Benign 


Diagnoses of lesions with max SUV 


< 2 .5 with greater than 1 0% increase in 


maximum SUV on DTP 






1.8 


2.0 


11.1 


Adenocarcinoma 


1.7 


1.9 


11.8 


Adenocarcinoma 


0,7 


0.8 


14.3 


Benign 


2.0 


2,3 


15.0 . 


NSCLCa 


1.1 


1.3 


18.2 


Adenocarcinoma 


1.5 


1.8 


20.0 


NSCLCa 


1.4 


1.7 


21.4 


Adenocarcinoma 


2.1 


2.6 


23.8 ■■■ 


Benign 


0.8 


1.0 


25.0 , 


Benign 


22 


2.8 


273 


Benign 


1.7 


22 


29.4 


Adenocarcinoma 


2.0 


2.7 


3S.0 


Adenocarcinoma 


22 


3.0 


36.4 


Benign 


1.0 


1.4 


40.0 . 


Benign 


0.9 


1.3 


444 


Adenocarcinoma 


1.3 


1.9 


46.2 


Benign 


1.3 


1.9 


46.2 


NSCLCa 


1.5 


22 


46,7 


NSCLCa 


1.9 


2.8 


47.4 


Benign 


0.9 , 


1.4 


55.6 


BAC 


0.S 


1.0 


100.0 


BAC 


22 


5.1 


131,8 


Large cell 



lesions [54%) demonstrated >10% change in their avidity. Utilizing 
the threshold of 10%, the resulting sensitivity is 63%, specificity is 
59% and accuracy is 61% with a positive predictive value of 64% and 
negative predictive value of 55% (Table 4), 

4. Discussion 

In general, utilization of SUVs in PET has become an accepted 
practice and useful adjunct in the clinical management of 
pulmonary nodules, where metabolic activity correlated with like- 
lihood of malignancy [4], An accepted practice in the evaluation 
of pulmonary nodules is that those which demonstrate a max- 
imum SUV of greater than 2.5 are suspicious for malignancy in' 
the appropriate clinical setting [5 J. However, there are numer- 
ous reports of malignant nodules which are non-FDG avid such 
as bronchoalveolar carcinoma which typically demonstrate max- 
imum SUVs<2.5 [3] and benign entities such as infectious or 
inflammatory nodules which demonstrate maximum SUVs of >2.5 
[9], 

(n 2001, Zhuang et al, proposed utilizingdual time point FDG PET 
imaging to differentiate thoracic malignant from benign processes 



Final diagnoses of lesions with max SUV > 2.5 with either decreasing or increasing 


max SUV on DTP imaging. 






Initial max SUV 


Max SUV on DTP 


% change 


Diagnosis 


Diagnoses of lesions with max SUV > 


2.5 with interval decreased FDG avidity 


oriDTP 








2.6 


1.6 


-38.5 


Benign 


2.8 


2.7 


-3.6 


NSCLCa 


33 


2.6 


-21.2 


Small cell 


5.8 


53 


-8.6 


Adenocarcinoma 


Diagnoses of lesions with max SUV >■ 2.5 with interval increased FDG avidity 


On DTP 








2.6 


3.0 


15.4 


Benign 


2.6 


3.2 


23.1 


Lung Recur 


2.6 


2.9 


11.5 


NSCLCa 


2.5 


2.7 


3.8 


Small cell 


2.7 


3.0 


11.1 


Benign 


2.9 


3.1 


6J9 


Adenocarcinoma 


2.9 


3.1 


63 


Benign 


2.9 


33 


133 


Small tell 


32 


4.6 


43.8 


Small cell 


3.8 


4.4 


15.8 


Lung recur 


4/4 


4.6 


4,5 


Benign 


5.4 


5.5 


1.9 


Benign 


5.7 


6.8 


19.3 


NSCLCa 


6.2 


8.0 


29.0 


Met Recur 


6.3 


93 


47.6 


EG 


7.1 


S.8 


233 


Merastastic adenocarcinoma 


7.1 


7.6 


7.0 


Benign 


15.2 


18.8 


23.7 


Small cell 



with promising initial results based on changes in the average SUV 
[2]. Matthies et al published supportive data in 2002 demonstrat- 
ing that dual-point imaging for all-comers (SUV independent) with 
pulmonary lesions was 10035 sensitive and 89% specific for detec- 
tion of thoracic malignancy when a 10% threshold was adopted (i.e., 
a 10% or greater rise in SUV from initial SUV to the second SUV) 
[6]. In 2007, Xiu et al demonstrated in a study of 46 patients with 
non-FDG avid nodules (SUV < 2.5) that utilizing a 10% threshold 
for dual point imaging yielded a sensitivity of 81% and a speci- 
ficity of 87% for detection of malignant nodule. His results raised 

Table 4 

Distribution of DTP results for malignant and benign lesions. All lesions (top) and 
results limited to low FDG avidity lesions with max SUV<2.5 on TP1 (time point 
1 (initial imaging performed after approximately 60min after injection of FDG}} 
(bottom). 

Ail lesions 



# Lesions Average TP1 (mSUV) Average % increase 



>1Q% increase on DTP 

Malignant 24 

Benign 12 

<10S! increase on DTP 

Malignant 14 

Benign 17 



3.0 
2.2 



2.2 
22 



34.4 
30.5 



-4.9 
-4.5 



Sensitivity 63%, specificity 59X, accuracy 61 % 
NPV55X.PPV64S! 

Lesions with TP1 <2.5 max SUV 



#Leskms Average TP1 (mSUV) Average % increase 



>10% increase on DTP 
Malignant 
Benign 

<10% increase on DTP 
Malignant 
Benign 



14 



9 
11 



1.5 
1.5 



1.5 
12 



41.9 
32.5 



-5.2 



Sensitivity 61$. specificity 58%. accuracy 60% 
NPV55S. PPV 64SS 
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hope that dual point imaging could provide an accurate means for 
identifying malignant pulmonary nodules with low FDC avidity. 
Unfortunately, in contradistinction, Chen et al published a study of 
31 non-avid FDG pulmonary lesions which demonstrated a speci- 
ficity of 62% and a sensitivity of 40% utilizing a 10% threshold 
[8]. 

Analysis of our results demonstrates similar findings to Chen 
et al; that the use of dual-time point imaging does not pro- 
vide a significant improvement in distinguishing malignant versus, 
benign nodules with low FDG avidity. Specifically, in nodules with 
a maximum SUV of less than 2.5, the change in max SUV did 
not lead to the correct end-diagnosis. Utilizing a 10% thresh- 
old which optimizes our sensitivity and specificity, our results 
demonstrate a sensitivity of 61% and a specificity of 58% which 
is consistent with Chen et al (Table 4) [81. Adjusting the thresh- 
old to 5%, 15% and 20% did not demonstrate significant changes in 
the specificity, sensitivity or accuracy and does not improve the 
utilization of dual point imaging as a tool in clarifying the malig- 
nant/benign characteristics of a pulmonary lesion. Additionally, 
our study population, in contradistinction to Chen et al, demon- 
strated a preponderance of non-granulomatous infections in our 
benign nodules, which may broaden the applicability of Chen's 
reported findings to populations where granulomatous infections 
are not endemic. Our results therefore do not support the use of 
dual time point imaging for further assessment of non FDG-avid 
nodules. 

As has been reported by Chen and colleagues, DTP imaging for 
pulmonary nodules with maximum SUV of less than 2.5 is not 
helpful in determining a final diagnosis [8]. Although prior stud- 
ies have suggested the utility of DTP imaging in pulmonary nodules 
[2,6,7] our results did not demonstrate the same conclusions. Selec- 



tion criteria may in part be responsible for the differences in our 
results. Prior studies have included patients with nodules with ini- 
tial maximum SUV greater than 2.5 [6]. We feel that it is possible 
that the physiologic differences between FDG avid and non FDG- 
avid nodules (upregulation of glucose transporter 1 and increased 
hexos kinase expression), may be the same factors which impact 
changes in FDG uptake over the course of multiple time point 
determinations. Thus, lesions which have increased GLUT1 and 
hexoskinase will tend to be more FDG avid on standard PET imag- 
ing and, likewise, tend to demonstrate increasing activity on dual 
time point imaging. Additionally, some of the prior studies on 
this topic had a patient population with low prevalence of gran- 
ulomatous disease [7] or only investigated patients with known 
malignancies [2]. 

Our study did have limitations. For example, the data was based 
on retrospective data and did not reflect ideal prospective data; 
however, we do not believe thai a prospective design would have 
significantly altered our findings. Additionally, the total number of 
lesions which qualified as non FDG-avid was somewhat low (45); 
however, larger than Chen et al (31 ). A larger population sampling 
may demonstrate subgroups of non FDG-avid nodules which may 
demonstrate radiographic characteristics which may make the uti- 
lization of dual time point imaging useful. Third, our study utilized 
FDG as the marker for increased avidity; employing other radio- 
pharmaceuticals in conjunction with FDG may demonstrate utility 
in differentiating benign from malignant etiologies in non FDG avid 
pulmonary lesions. 

In conclusion, our preliminary data is consistent with the 
recently released results of Chen and supports the idea that dual 
time point PET is unsatisfactory for assessing whether or not a non 
FDG-avid pulmonary nodule is malignant. 
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Fig. 4. False positive DTP result. Nonrontrast axial CT (A) shows a 13 cm indeterminate left upper lobe pulmonary nodule with max SUV of 1.9 on initial imaging (B) which 
increased to 2.8 at second time point (C) for a +47.4% change. Biopsy showed focal fibrosis. 
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Neuroimaging in Patients with Gliomas 

Roland T. Ullrich, M.D., 1 Lutz W. Kracht, M.D., 1 and Andreas H. Jacobs, M.D. 1 



ABSTRACT 



Improvements of radionuclide and magnetic resonance-based imaging modal- 
ities over the past decade have enabled clinicians to noninvasively assess the dynamics of 
disease-spedfic processes at the molecular level in humans. This article will provide an 
overview of the recent advances in multimodal molecular neuroimaging in patients with 
primary brain tumors. To date, a range of complementary imaging parameters have been 
established in the diagnosis of brain tumors. Magnetic resonance imaging (MRI) 
provides mostly morphological and functional information such as tumor localization, 
vascular permeability, cell density, and tumor perfusion. The use of positron emission 
tomography (PET) enables the assessment of molecular processes, such as glucose 
consumption, expression of nucleoside and amino acid transporters, as well as alterations 
of DNA and protein synthesis. Taken together, MRI and PET give complementary 
information about tumor biology and activity, providing an improved understanding 
about the kinetics of tumor growth. 

KEYWORDS: Molecular imaging, glioma, PET, MRI 



GRADING AND MOLECULAR ASPECTS 
OF PRIMARY BRAIN TUMORS 

The incidence of gliomas has increased over the past 
30 years, most likely due to improvements in diagnostic 
modalities such as neuroimaging. The most common 
primary brain tumors in adults are gliomas and menin- 
giomas. The incidence of gliomas is ~6 to 8 per 100,000 
with ~75% belonging to malignant subtypes. Low-grade 
gliomas are more frequent in younger patients, while 
higher-grade tumors tend to occur in older patients. 
According to the World Health Organization (WHO) 
classification, gliomas are histologically classified into 
astrocytic, oligodendroglial, ohgoastrocytic, ependymal, 
choroid plexus tumors, pineal, and mixed neuronal-glial 
tumors. 1 The malignancy of the tumor is determined by 
the histological grading as recommended by the WHO. 
Low-grade gliomas (WHO II) are defined as diffusely 
infiltrative astrocytic tumors with cytological atypia; 
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tumors containing anaplastic cell types and high mitotic 
activity are classified as WHO III; gliomas with addi- 
tional microvascular proliferation and/or necrosis as 
WHO grade IV. 1 The histological grading is highly 
relevant to predict the patient's prognosis. The median 
survival of patients with WHO grade II gliomas is 
usually more than 5 years, whereas patients with high- 
grade gliomas, such as WHO grades III and IV, have 
median survival rates of ~2 to 3 years and less than 
1 year, respectively. 1 

Up to now, treatment outcome has hardly been 
predictable, because of individually different molecular 
tumor phenotypes that are responsible for tumor growth. 
Glioma- specific molecular changes result in deregula- 
tion of the cell cycle, alterations of apoptosis and cell 
differentiation, in neovascularization as well as tumor 
cell migration, and invasion into the brain parenchyma. 
Therefore, an improved understanding of the biology of 
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glial tumorgenesis is highly important for the develop- 
ment of molecular therapeutic targets to overcome 
current therapeutic limitations. 

In the past decade, different genetic alterations 
have been identified as major factors for the development 
of primary or secondary gliomas. The TP53 pathway 
plays a crucial role in tumorigenesis of low-grade astro- 
cytoma. 2 The TP53 gene serves as a tumor suppressor 
gene involved in cellular processes, including cell cycle, 
response to DNA damage, apoptosis, and neovasculari- 
zation. 3 Mutation in the TP53 gene occurs in ~50% of 
low-grade gliomas, resulting in a loss of its tumor 
suppressor function. 4 Activity of TPS3 is regulated by 
MDM2 S and pM*™ 6 and thereby, MDM2 and pl^ 
are promising molecular treatment targets. Also, alter- 
ations in the EGFR/PTEN/AKT/mTor and the 
pl6 INK4 VRBl pathways, as well as loss of heterozygosity 
(LOH) lOq, have been shown to induce glioma pro- 
gression. 7 Most importantly, molecular alterations have 
been identified as prognostically relevant markers of 
treatment response: anaplastic oligodendroglioma with 
LOH lp and/or 19q are characteristically sensitive to 
PCV chemotherapy, 8 and as has been reported recently, 
coexpression of EGFRvIII and PTEN are strongly 
related to response to endothelial growth factor receptor 
(EGFR) kinase inhibitors in patients with glioblastoma. 9 



PRIMARY DIAGNOSIS IN PATIENTS 
WITH GLIOMAS 

A summary of magnetic resonance imaging (MRI) and 
positron emission tomography (PET) findings in human 
brain tumors is given in Table 1. 



Magnetic Resonance Imaging 

Magnetic resonance imaging is most commonly used for 
the primary diagnosis of patients with brain tumors. Tl- 
and T2-weighted MRI provide information on the 
localization and the extent of brain tumors, as well as 
on secondary tumor effects such as edema, hemorrhage, 
and necrosis at high spatial resolution. 

Low-grade gliomas are typically hypointense on 
Tl-weighted and hyperintense on T2-weighted and 
fluid-attenuated inversion-recovery (FLAIR) images. 
In addition, higher-grade gliomas may cause a disrup- 
tion of the blood-brain barrier (BBB) resulting in 
gadolinium enhancement (Fig, 1), Contrast enhance- 
ment is histologically associated with high proliferating 
rumor tissue and neovascularization, inducing high vas- 
cular permeability. However, leakage of the BBB might 
also be due to toxic effects of therapeutic interventions, 
such as chemotherapy, radiation, and local therapeutics 
that cannot be differentiated from malignant progression 
by MRI. In this context, Scott et al recently reported 
that 9% of malignant gliomas did not show contrast 



enhancement, whereas 48% of low-grade gliomas en- 
hanced, indicating that contrast enhancement may not 
allow for the exact differentiation between low- and 
high-grade malignant gliomas (Fig. 2). 10 

In addition to Tl- and T2-weighted images, 
diffusion- and perfusion-weighted-imaging (DWI, 
PWI), dynamic contrast-nenhanced (DCE) MRI, and 
FLAIR sequences give complementary information about 
the tumor biology. DWI may provide surrogate informa- 
tion on the cellular density of gliomas. In areas with high 
cell density, diffusion of water molecules is reduced 
because of the limited intercellular space. Therefore, 
highly proliferating tumor regions with high cell densities 
may display a decrease of the apparent diffusion coeffi- 
cient (ADC). 11 Although this might suggest that ADC 
can be used to distinguish between tumor and peritumoral 
lesions, Pauleit and colleagues reported a strong overlap 
between ADC values in tumor and peritumoral tissue. 
Therefore, further studies are required to investigate the 
correlations between biological tumor characteristics — as 
determined by histology — and ADC values. 

Several studies suggested that the relative cere- 
bral blood volume (rCBV) obtained by PWI provides 
information that is not available by conventional MR 
studies on tumor angiogenesis and tumor grading in 
patients with gliomas. 13,14 rCBV correlates with vas- 
cular EGFR expression and the histopathological grade 
in nonenhancing gliomas. 15 This indicates that rCBV 
might be helpful for glioma preoperative tumor grading 
as well as provide a marker for tumor angiogenesis. 
rCBV enables us to differentiate between brain tumors 
with high blood supply from tumors with low blood 
supply, as well as abscesses from high-grade gliomas 
and metastases. 16 

Dynamic contrast-enhanced imaging acquires a 
series of MR images before, during, and after contrast 
agent injection. The serial acquisition of MR images 
allows the calculation of kinetic constants determining 
the distribution of the agent within the tumor, pro- 
viding information about the exchange between the 
compartments' "tumor" and "blood vessels." K nans 
serves as a marker for the assessment of leakage of 
the BBB, and is thereby related to angiogenesis. The 
vascular hyperpermeability of tumor vessels for macro- 
molecular solutes yields a proteinaceous exudate within 
the tumor interstitium that is considered a favorable 
milieu for the in-growth of new capillary buds. 
Changes in tumor vessel permeability as determined 
by DCE MRI enable us to monitor angiogenesis and 
allow the prediction of pathologic tumor grade at high 
sensitivity. 17-19 



Magnetic Resonance Spectroscopy 

Complementary to the above-described MR techniques, 
MR spectroscopy (MRS) reveals additional information 
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on cell membrane metabolism, neuronal integrity, and 
energy metabolism. Metabolic changes on MRS enable 
the differentiation between low- and high-grade 
glioma. 19 Metabolic products, such as N-acetylaspartate 



(NAA), creatine, choline, and lactate, are commonly 
used for the characterization of brain tumors. Increased 
choline values are associated with histological glioma 
grade and expression of the proliferation marker Kj-67. 20 



Table 1 Types of Brain Tumors and Their Characteristics in MRI/CT, [ 18 F]FDG, and f'CjMET PET 



Tumor Type 



Signal in MRI/CT 



FDG (CMRGtc) 



MET Uptake Ratio 



Glioma 

Pilocytic astrocytoma WHO 1° 
(<3%J 

Astrocytoma WHO IT 
(<5%) 

Anaplastic astrocytoma WHO I 
(<5%) 



Glioblastomas WHO IV 
(20-25%) 



Oligodendroglioma WHO 117111° 
(<5%) 



Oligodendroglioma WHO H7III' 



Oligoastrocytoma WHO 117111° 
(<5%) 

Ependymomas 
(2-3%) 



Cystic tumor with focal 

contrast enhancement 
Tl; Slightly hypointense 
T2: Hyperintense 
T1: Hypointense 
T2: Hyperintense 
Contrast enhancement 

and perifocal edema 
Irregular tumor border 
T1 : Central necrosis hypointense 
T2: Perifocal edema hyperintense 
contrast enhancement 
Inhomogeneous tumor with focal 

contrast enhancement and 

calcifications on OCT in 70-90% 

Inhomogeneous tumor with focal 
contrast enhancement and 
calcifications on CCT in 70-90% 



Characteristic localization in fourth 
ventricle or intramedullary; 
heterogenous, cystic, hemorrhages 
Characteristic localization in ventricles; 
sharp tumor border; gross 
contrast enhancement 
Diffusely infiltrating; 
hyperintense (T2, FLAIR) 

Neuronal and Glioneuronal Tumors 



Plexus papilloma 
(<1%) 

Gliomatosis cerebri 



Dysembryoplastic 
neuroepithelial tumor 

(<1%) 

Dysplastic gangliocytoma 
«1%) 

Ganglioglioma 
(<1%) 



Multicystic subcortical tumors 
with focal contrast enhancement 



Central neurocytoma 
(<1%) 



Cortical localization, solid or cystic 
with calcifications and little 
contrast enhancement 
Sharp tumor border, inhomogenous 
with cysts, necroses, calcifications, 
positive contrast enhancement 
Metastatic Tumors(~20% of all brain tumors) 
Lung, breast, melanoma, Tl hyperintense, T2 hypointense. 

gastrointestinal, ring-like contrast enhancement 

hypernephroma 



Variable, focally increased 

Decreased 

Variable 

Increased 

Decrea sed/l n creased 

Decreased/I ncreased 

Decreased/Increased 
Decreased 

n.a. 

n.a. 



Up to 2-fold 

1- to 2-fold 

2- to 3-fold 

> 2.5-fold 

> 2.5-fold 



> 2.5-fold 

> 2.5-fold 



2- to 3-fold 
1.3- to 2.7-fold 

n.a. 

n.a. 



Decreased benzodiacepine 

receptor density as possible 

reason for epileptogenic focus 
Increased Increased 

Variable, depending n.a. 
on WHO grade 

Increased, depending Increased 
on proliferative activity 



Variable; screening for n.a. 
metastasis with [ ,3 F]FDG is 
not recommended 



MRI. magnetic resonance imaging, CT, computed tomography; MET, methyH^CK-methionine; WHO, World Health Organization; CCT, 
cranial computed tomography; FLAIR, fluid-attenuated inversion-recovery. 
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Figure 1 Parameters of interest in the noninvasive diagnosis of brain tumors. Alteration of the blood-brain barrier and the 
extent of peritumoral edema are detected by MRI. Signs of increased cell proliferation can be observed by multitracer PET 
imaging using [ 1S F]FDG, [ 11 C]MET, and [ 18 F]FLT as specific tracers for glucose consumption, amino acid transport, and DNA 
synthesis, respectively. Secondary phenomena, such as inactivation of ipsilateral cortical cerebral glucose metabolism, may be 
observed (( 5S F]FDG), and are of prognostic relevance. MRI, magnetic resonance imaging; PET, positron emission tomography; 
Gd, gadolinium. (Reproduced with permission from Jacobs A. PET in Gliomas. Stuttgart: Thieme; 2003:72-76. 74 } 
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Figure 2 Noninvasive differentiation between low- and 
high-grade gliomas. In low-grade gliomas (WHO II), glucose 
metabolism is similar to white matter (arrowheads) and 
amino acid uptake is only moderately increased. In high- 
grade gliomas (GBM; WHO IV), increase of both glucose 
metabolism and amino acid uptake is observed. {Reproduced 
with permission from Jacobs A. PET in Gliomas. Stuttgart; 
Thieme; 2003: 72-76. 74 ) 



Creatine reflects cell energy metabolism and serves as a 
marker for the distinction of gliomas from metastasis, 
since creatine is nearly absent in metastasis. 21 High 
lactate concentrations might be due to non-oxidative 
glycolysis and are usually found in high-grade gliomas. 22 
However, one major disadvantage of MRS is its low 
spatial resolution that cannot fully address the anatom- 
ical and biological heterogeneity of brain tumors ob- 
served by MRI. 



Positron Emission Tomography 

Positron emission tomography enables the in vivo meas- 
urement of metabolic and molecular processes with high 
sensitivity. The reader is referred to a separate article in 
this journal volume discussing the technical aspects of 
PET. In patients with brain tumors, PET provides 
physiological and biochemical information at the mo- 
lecular level to characterize the tumor's extent, prolifer- 
ative activity, metabolism, and its relation to functionally 
relevant parts of the brain. The most commonly used 
tracers in the diagnosis of brain tumors are 2-[ 18 F] 
fhoro-2-deoxy-D-glucose ([ 18 F]FDG), met&yl-^C]- 
L-methionine ([ l¥ C]MET) and 3'-deoxy-3'-[ 18 F]- 
fluoro-L-thymidine ([ 1S F]FLT) (Fig. 1). The accumu- 
lation of each tracer reflects the activity of its transporter 
via the BBB, as well as the activity of specific enzymes by 
which they are metabolized and trapped. 

[ 18 F]FDG is phosphorylated by cellular hexoki- 
nase and is therefore a specific tracer for glucose con- 
sumption. [ 18 F]FDG is transported via the insulin- 
dependent glucose transporter GLUT 1 that is localized 
on capillary endothelial cells. The transport rate of 
glucose is dependent on the glucose level in the blood 
in accordance with the Michaelis-Menten kinetics 
for facilitated transport. The cellular hexokinase phos- 
phorylates [ 18 F]FDG to [ 18 F]FDG-monophosphate 
that accumulates in the cell. The accumulation of 
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[ 18 F]FDG corresponds to high expression of GLUT1 
transporter and hexokinase activity within the tumor, 23 
and some cancers also show high microvessel density and 
high expression of the HIF1 in tumor regions with high 
I 1 F]FDG uptake, indicating its role for imaging angio- 
genesis. 24 In hrain tumors, [ 18 F]FDG-PET allows the 
assessment of differences in glucose metabolism among 
normal brain tissue, low- and high-grade gliomas, and 
radionecrosis. 25,26 Intratumoral glucose consumption as 
assessed by [ lg F]FDG correlates with tumor grade, 27 
biological aggressiveness, and prognosis of patients with 
primary and recurrent gliomas. 28 [ 18 F]FDG uptake in 
low-grade gliomas corresponds to that of normal white 
matter, whereas high-grade gliomas show [ 1S F]FDG 
uptake similar to that of the gray matter. However, 
[ S F]FDG uptake is not specific for tumor growth since 
[ 18 F]FDG is also metabolized in inflammatory brain 
lesions, focal epilepsy, and recent ischemic infarcts. 
Another limiting factor of [ 18 F]FDG-PET for the 
detection of tumor lesions is the high background 
activity of [ F]FDG in normal cortex. Therefore, 
more specific tracers have been established for the 
diagnosis of brain tumors. 

Amino acids tracers such as metbyl-[ n C]-L- me- 
thionine ([ n C]MET), [ n C]-tyrosine, [ 18 F]fluoro-tyro- 
sine, and 0-(2-[ 18 F]-fluoroethyl)-L-tyrosine have been 
investigated as more specific radiotracers for the detec- 
tion of brain tumors (Fig, 2) 29-31 The accumulation of 
amino acids in brain tumors is mainly due to increased 
transport rates mediated by type L amino acid carriers, 
and seems to be directly regulated by tumor growth 
factors. 32,33 Uptake ratios of [ U C]MET range between 
1.2 and 6.0 in gliomas. Recent studies demonstrated that 
[ 11 C]MET-PET allows for the assessment of treatment 
effects and the differentiation of recurrent tumor from 
radiation necrosis. 34 " 36 [ n C]MET-PET detects parts of 
brain tumors as well as infiltrating areas with high 
sensitivity and specificity. 37 Furthermore, [ 11 C]MET 
uptake correlates with microvessel density 38 and the 
proliferative activity 39 and enables us to differentiate 
between WHO grade II and WHO grades ffl/IV 
gliomas (Fig, 2). 40 By using a threshold of 1.5, 
[ 11 C]MET-PET permits the differentiation between 
nontumoral lesions and gliomas with a sensitivity of 
79%. 41 However, because of the short half-life of 
[ n C], the use of [ U C]MET remains restricted to PET 
centers with a cyclotron. The nucleoside 3'-deoxy-3'- 
[ 18 F]fluoro-L-thymidine {[ 18 F]FLT) has recendy been 
investigated as a direct marker for tumor proliferation in 
vivo. 42 [ 1S F]FLT is carried via specific nucleoside trans- 
porters from the blood pool into the brain tissue. Within 
the cells [ 1S F]FLT reacts as an analogue substrate of 
thymidine, which is phosphorylated by the thymidine 
kinase 1 (TK1). TK1 is a cytosolic enzyme that is 
expressed during the S phase of the cell cycle. TK1 
expression is specifically increased in dividing cells and 



decreased in nondividing cells. Therefore, the assess- 
ment of TK1 activity offers a specific target to monitor 
cell proliferation on the molecular level. Several clinical 
studies revealed a significant correlation between 
[ la F]FLT uptake and the in vitro proliferation marker 
Ki-67 m various tumor types. 

Because of its relatively longer half-life, 
[ 1S F]FLT enables a detailed kinetic analysis. The use 
of kinetic modeling enables us to determine the trans- 
port rate of [ 18 F]FLT from the blood via the BBB 
into the tissue (kl) and back into the blood (k2), as 
well as the phosphorylation rate of [ 18 F]FLT by TK1 
(k3) and the dephosphoryktion rate of [ 1S F]FLT- 
monophosphate (k4). In a recent study, we demon- 
strated that [ 18 F]FLT uptake (1) enables us to differ- 
entiate between low-grade and high-grade tumors, 
and (2) is mainly due to increased transport and to a 
lower extent to phosphorylation by TK1 in gliomas 29 
Furthermore, the metabolic rate of [ 18 F]FLT as de- 
termined by significantly correlates with glioma 
proliferation as assessed by IQ-67 immunohistochem- 
istry in patients with newly diagnosed high-grade 
gliomas. 4 

PLANNING OF STEREOTACTIC BIOPSY 
AND TARGETED APPLICATION OF LOCAL 
THERAPEUTICS 

Noninvasive imaging tools, such as MRI and PET, 
enable stereotactically guided biopsies to provide his- 
tological samples from the most malignant part of the 
tumor. Stereotactically guided biopsies are highly rel- 
evant in the grading of gliomas because of the tumor 
heterogeneity with different malignant subtypes repre- 
sented within the same tumor. Since the most malig- 
nant part of the tumor mainly drives rumor growth, 
stereotactic biopsies may provide a more accurate esti- 
mation of growth behavior and prognosis. Stereotactic 
biopsies guided by conventional MRI might miss 
highly malignant parts of the tumor, since highly 
proliferating tumor tissue does not necessarily develop 
contrast enhancement. [ 18 F]FDG PET has been shown 
to improve the detection of tumor tissue in comparison 
to anatomical imaging alone. 50 Moreover, as reported 
recently, [ n C]MET is superior to [ I8 F]FDG for guid- 
ing stereotactic biopsies because of its high tumor 
specificity 51 and enables us to detect low proliferating 
parts of the tumor without contrast enhancement on 
MRI. 52 Imaging also allows for the local application of 
targeted therapy approaches, such as radiotherapy, with 
consequent evaluation of treatment response at follow- 
up. In a Phase I/II clinical trial, gene therapy vectors 
have been stereotactically guided and injected into the 
metabolically active rumor areas by local infusion cath- 
eters, enabling us to monitor therapeutic gene expres- 
sion (Fig. 3). 53 
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Figure 3 Multimodal imaging for the establishment 
of imaging-guided experimental treatment strategies. Core- 
gistration of [ 18 F]FIAU-, [ 1, C]MET-, [ 18 F]FDG-PET, and MRI 
before (left column) and after (right column) targeted applica- 
tion (stereotactic infusion) of a gene therapy vector. The 
region of specific [ 1M I]-F1AU retention (68 hour) within the 
tumor after LIPO-HSV-1-t* transduction (white arrowhead) 
resembles the proposed "tissue dose" of vector-mediated 
gene expression and shows signs of necrosis (cross 
right column; reduced methionine uptake [MET] and glucose 
metabolism [FDG]) after ganciclovir treatment. MRI, mag- 
netic resonance imaging. (Reproduced with permission 
from Jacobs A, Voges J, Reszka R, et al. Positron-emis- 
sion tomography of vector-mediated gene expression in 
gene therapy for gliomas. Lancet 2001 ;358: 727-729. 53 ) 

IMAGING TREATMENT RESPONSE 
AND DIFFERENTIATION OF RECURRENT 
TUMOR FROM RADIATION NECROSIS 

Monitoring treatment effects is key for the evaluation 
of new molecular-targeted therapy approaches. Non- 



invasive imaging allows a rapid assessment of tumor 
response to potentially guide the best treatment regi- 
men for the individual patient. In particular, promising 
targeted therapies that affect a specific pathway of 
tumor growth, such as EGFR inhibitors, require 
detection of therapeutic response at an early stage of 
treatment, since only a subpopulation of patients re- 
spond to therapy. 54 Thus, one of the major challenges 
will be the noninvasive differentiation of therapy res- 
ponders from nonresponders. 

Currendy, there are limitations in the assessment 
of therapeutic response in gliomas. Contrast enhance- 
ment with MRI reflects highly proliferating tumor 
tissue. However, contrast enhancement does not allow 
for the distinction between changes in tumor growth or 
postsurgical changes. Contrast-enhanced MRI does not 
enable the interpretation of contrast enhancement 3 days 
to several weeks after surgery because of operation- 
induced leakage of the BBB. Moreover, the assessment 
of changes in tumor size by conventional MRI is usually 
delayed for months after the start of therapy. Therefore, 
new imaging protocols have been developed to deter- 
mine functional characteristics of the tumor. 

In an experimental model, early treatment re- 
sponse to BCNU treatment has been assessed by DWI 
in gliomas . ss The obtained ADC correlated strongly 
with survival of the animals and tumor growth delay. 
In a clinical design, Moffat and associates established a 
functional diffusion map to provide early prediction of 
treatment response in patients with brain tumors. 56 
Changes in tumor water diffusion were highly predictive 
of response to therapy 3 weeks after treatment. However, 
the usefulness of DWI remains limited after dexame- 
thasone treatment, since dexamethasone affects the dif- 
fusion with edematous brain 57 and might lead to 
misleading interpretation of DWI. Furthermore, dy- 
namic contrast-enhanced MRI has been used to monitor 
antiangiogenic therapies in brain tumors. 58 The vascular 
endothelial growth factor (VEGF) which is strongly 
expressed during angiogenesis induces high vascular 
permeability. Inhibition of VEGF by Avastin treat- 
ment — which specifically binds and thereby inhibits 
VEGF — can be monitored through the kinetic constant 
j^irans 0 ^ )ta i ne< j by dynamic contrast enhancement in 
nude rats. 58 New approaches such as volumetric com- 
puted tomography allow the detection of tumor vessel 
with a diameter of 50 jjum, enabling the noninvasive 
evaluation of the angiogenetic environment of tumors. 59 
Furthermore, in a clinical MRI study, Batchelor et al 
observed normalization of tumor vessels in patients with 
recurrent glioblastoma after VEGF inhibition 
(AZD2171) by assessing angiogenic characteristics 
such as vascular permeability (K"" 15 ), relative microvessel 
size, and water diffusion (ADC). 60 

With PET, [ 1S F]FDG has been reported to be 
not very accurate for the assessment of treatment effects 
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macrophages. [ n C]MET therefore detects tumor tissue 
with a high sensitivity (87%) and specificity (89%) by an 
uptake threshold of 1.3-fold. 37 [ C]MET also enables 
us to differentiate recurrent tumor from radiation ne- 
crosis, while the tracer accumulation is nearly independ- 
ent from disruption of the BBB or macrophage activity 
within the necrotic areas. 36 Changes in [ 1 C]MET 
metabolism assessed with PET indicated a response to 
temozolomide treatment after three cycles of treatment 
in gliomas (Fig. 4). 35 However, [ I1 C]MET metabolism 



before biopsy after biopsy after radiation therapy 
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Figure 4 Noninvasive assessment of response to radiotherapy (60 Gy) in combination with ACNU and three cycles of PCV 
chemotherapy in an oligoastrocytoma, grade III. The [^ClMET-PETimage shows high uptake values before and after combined 
radiotherapy and ACNU treatment. In contrast, I 1 'CJIvlET uptake significantly decreases after first cycle of PCV treatment and 
again after the second and the last cycle of PCV treatment. In the follow up investigation after 1 2 months, the metabolic activity 
of the glioma remains decreased as assessed by [ n C]MET PET. ACNU, nirnustin; PCV, procarbazin, CCNU (lomustin), vincristin; 
PET, positron emission tomography. (Reproduced with permission from Kracht L, Jacobs A, Heiss W. Metabolic Imaging. 2nd 
ed. Stuttgart: Thieme; 2008:70-78. 7S ) 



because of the high cortical background activity. ' In 
the differentiation between recurrent tumor versus radi- 
ation-induced necrosis, [ 18 F]FDG PET revealed a sen- 
sitivity of 75% and a specificity of 81%. 63 However, it 
should be pointed out that [ 18 F]FDG uptake might also 
be due to migration of macrophages into the tumor, 
making the interpretation of [* F]FDG uptake difficult 
for the evaluation of therapy response. 64 

In contrast, [ n C]MET-PET shows low back- 
ground activity in the brain and does not accumulate in 
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Figure 5 (A) Experimental protocol for identification of 
viable target tissue and assessment of vector-mediated 
gene expression in vivo in a mouse model with three sub- 
cutaneous gliomas. Row 1: Localization of tumors is dis- 
played by MRI. Row 2: The viable target tissue is displayed by 
[ 18 F]FDG-PET; note the signs of necrosis in the lateral portion 
of the left-sided tumor (arrow). Rows 3 and 4: Following 
vector-application into the medial viable portion of the tumor, 



remains a rather indirect marker of proliferation, 
although correlations with in vitro proliferation have 
been described recently. 39 

In the field of imaging antiproliferative treatment 
effects, recent studies demonstrated that changes in 
[ 18 F)FLT-PET may allow an early assessment of treat- 
ment response. 65 ' 66 In recurrent gliomas, changes in 
[ 1S F]FLT SUV predict overall survival as soon as 1 to 
2 weeks aftei initiation of bevacizmab and irinotecan 
treatment. 65 However, as mentioned above, [ 18 F]FLT 
accumulation within the tumor might not only reflect 
proliferation but also leakage of the BBB. Thus, changes 
in [ 18 F]FLT uptake have to be considered with caution. 
Kinetic analysis of tracer distribution within the tissue 
has to be performed, as it provides more detailed 
information about the proportion of [ 18 F]FLT uptake 
that is due to leakage of the BBB and the fraction that is 
due to phosphorylation of [ 18 F]FLT. 29 ' 49 ' 67 ' 68 



POTENTIAL OF EXPERIMENTAL BRAIN 
TUMOR IMAGING 

Imaging studies in experimental brain tumor models 
provide: (1) the development of new radiotracers for 
cellular proliferation and protein synthesis; (2) the 
evaluation of their ability to detect responses to therapy 
at an early stage of treatment; (3) strategies for imaging 
transcriptional regulation and migration of tumor cells; 



the tissue dose of vector-mediated gene expression is quan- 
tified by [ 18 FIFHBG-PET. Row 3 shows an image acquired 
early after tracer injection, which is used for coregistration; 
row 4 displays a late image with specific tracer accumuiation 
in the tumor that is used for quantification. (B) Response to 
gene therapy correlates with therapeutic gene expression. 
The intensity of cdlREStk39 gfp expression, which is equiva- 
lent to transduction efficiency and tissue-dose of vector- 
mediated therapeutic gene expression, is measured by 
[ 1S F]FHBG-PET (in %ID/g), and the induced therapeutic ef- 
fect is measured by [ 18 F]FLT-PET (r = 0.73, p<0.01). Ther- 
apeutic effect (l 18 F]FLT) was calculated as the difference 
between [ 18 F)FLT accumulation after and before therapy. (C) 
Relationship between changes in volumetry and [ 1S F]FLT 
uptake. Changes in tumor volume and [ 18 F]FLT uptake 
were plotted for tumors grown in 1 1 nude mice. There is a 
strong correlation between volume and change in [ ,8 F]FLT 
uptake (r = 0.83) for those tumors responding to therapy 
(complete responders) and a weaker correlation (r = 0.57) 
for those tumors not responding to therapy (non responders). 
No correlation was found for those tumors where focal 
alterations of [ 18 F]FLT uptake occurred which did not lead 
to a reduction in overall tumor volume. MRI, magnetic 
resonance imaging; PET, positron emission tomography. 
(Adapted with permission from Jacobs AH, Rueger MA, 
Winkeler A, et al. Imagtng-guided gene therapy of experi- 
mental gliomas. Cancer Res 2007;67:1706-1715. 69 ) 
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and (4) a way to monitor the expression of exogenous 
genes carrying a marker or therapeutic function for the 
purpose of development of improved gene therapeutic 
vectors. For imaging-guided vector applications, the 
biologically active target tissue has to be identified by 
PET to enable the quantification of the expression of 
the transduced therapeutic genes in vivo. This should in 
turn lead to a correlation between transduction effi- 
ciency and induced therapeutic effect (Fig. 5). 69,70 
Furthermore, labeling agents with tumor-specific anti- 
gens such as CD31 1 and the cell adhesion receptor 
integrin a(v)|3(3) 72,73 provide in vivo characterization 
of tumor angiogenesis and the noninvasive evaluation 
of antiangiogenic therapies. Recendy, it has been dem- 
onstrated that the expression of the cell adhesion 
receptor integrin ot(v)|3(3) as a marker for angiogenesis 
can be assessed by MRI and PET. 72 ' 73 This may allow 
for multimodal imaging of angiogenesis and for the 
evaluation of antiangiogenic therapy targets in the 
future. 



SUMMARY 

Multimodal imaging strategies provide a better under- 
standing of the pathophysiology and molecular altera- 
tions of brain tumors. In the clinical arena, molecular 
imaging techniques have been established to (1) detect 
brain tumor with a high sensitivity and specificity, (2) 
evaluate the grade of malignancy, and (3) assess therapy 
response, even on a molecular targeted level. Highly 
promising imaging techniques that specifically assess 
molecular cancer characteristics, such as angiogenesis 
or deregulation of the cell cycle, remain to be validated 
in a clinical setting. This might enable us to monitor 
therapy strategies that address specific molecular targets. 
Finally, noninvasive imaging after therapy will improve 
drug development and facilitate the early assessment of 
treatment effects in the future. 
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